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Portland cement pervious concrete (PCPC) is increasingly gaining attention as a 
preferred material in selected pavement applications.  This concrete has several unique 
features, which makes it an environment-friendly construction material.  Its porous 
structure allows precipitation to infiltrate directly into the ground.  This reduces 
accumulation of a large amount of storm water in areas of heavy storms and recharges the 
ground water system, thus reducing the need for expensive storm water collection and 
treatment systems.  Also, it allows the pollutants on pavement surfaces such as motor oil, 
etc. to drain into the subsurface be treated by native microbes in the soil, rather than be 
washed off into storm water and pollute the receiving waters.  Additionally, due to its 
high albedo value, PCPC provides cooler pavement surfaces.   
While pervious concrete has several advantages, there are certain challenges with 
its production and operations which have hindered its wide-spread use.  Lack of adequate 
mixture-proportioning methods that account for workability is one of the principal 
challenges. The workability issues in PCPC are related to various factors.  Factors such as 
the open-graded aggregate gradation, the reduction or elimination of fine aggregates, the 
restriction on paste content and low paste flowability are typical reasons for the poor 
workability in PCPC, although these are the same features that render the PCPC function 
as they enhance the porosity in the mix.   
At present, the widely adopted mixture proportioning procedure for PCPC is 
based on ACI 522 R-10 document - Report on Pervious Concrete.  However, workability 




study, the following five developments were made to alleviate the workability-related 
issues in PCPC.  First, new paste characterizing methods were developed for 
characterizing the film-forming ability and film-drying time properties of pervious 
concrete paste.  Second, the effects of water-to-cement ratio and chemical admixtures on 
the properties of PCPC pastes were studied.  Third, the properties of pervious concrete 
aggregates were optimized. Fourth, two new workability characterizing devices were 
developed.  Fifth, a workability-integrated mixture proportioning procedure was 
developed. 
Cement paste is a key component that controls the workability of PCPC.  
Therefore, to describe the relationship between cement paste property and pervious 
concrete workability, the concept of paste film-forming ability and film-drying time were 
introduced. Three test methods were also developed to characterize the film-forming 
ability and the film-drying time of pervious concrete paste.  The ideal paste thickness 
(IPT) characterizes the ability of cement paste to form stable film on smooth vertical 
surfaces (standard surface). The actual paste thickness (APT) characterizes the film-
forming ability of cement pastes on aggregates surface. The film-drying time measures 
the time required for a paste with a certain thickness to dry.   
Once the paste characterizing methods were developed, the effect of water-to-
cement ratio (w/c) and chemical admixtures on pervious concrete paste could be 
evaluated.  The first experiment explored the effect of w/c and superplasticizer. The 




admixtures - superplasticizers (SP), Viscosity modifying admixtures (VMA) and 
retarders (RE).  
Aggregates hold 50 to 65% of pervious concrete mixtures. The workability and 
other properties of pervious concrete are highly influenced by the properties of the 
aggregates. Therefore, in this study, aggregate properties such as, unit-weight, void 
content, surface area, and pore-diameter were optimized for desired properties using 
simplex centroid design.    
Characterizing workability without proper workability characterizing device is 
impossible. The existing concrete workability characterizing devices such as the slump 
test are unsuitable for characterizing PCPC. Therefore, two new workability 
characterizing devices - J-shear and U-slump- were developed.  
Finally, an integrated mixture proportioning method was established. This method 
considers pervious concrete as a mixture of three components: air voids, cement paste, 
and aggregates.  The basic principle in this mixture proportioning procedure is 
controlling the volumetric ratio of the three components by design.  By integrating this 
concept with simplex centroid design, it was possible to study the effect of voids, paste 
and aggregate on the fresh and hardened performance of pervious concrete.  To validate 
the concepts, eleven different types of PCPC mixtures were prepared and tested.  Videos 
of selected PCPC mixtures are provided with this manuscript as a reference.  
In conclusion, the procedures developed in study can be used to produce workable 
and robust pervious concrete mixtures with minimal effort.  Additionally, the new 
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CHAPTER 1  
   INTRODUCTION  
1.1 Background and justification of the study  
 
Portland Cement Pervious concrete (PCPC), also known as no-fine concrete or 
porous concrete is a type of concrete produced from portland cement, coarse aggregate, 
little or no fine aggregate, admixtures and water(ACI 522 Committee, 2010). The 
reduction or elimination of the fine aggregate from the aggregate matrix of pervious 
concrete results in an open-graded structure with interconnected pores that allows water 
to pass through easily (Monahan, 1981). Historically, PCPC has been used for various 
applications. The first and the earliest reported use dates back to 1852, when used for the 
construction of two buildings in England.  After 70 years of dormancy, PCPC was again 
introduced to England in 1923.  It was widely used for building construction in Europe 
after World War II, due to a rise in the housing demand and shortage of other 
construction material supplies (Malhotra, 1976). 
The first experimental PCPC pavement was successfully built in England in 
1960s(Maynard, 1970; Monahan, 1981). Other successful attempts have also been made 
and later its use in pavement applications had increased.  Some of the early pavement-
related applications included: surface courses, permeable bases, edge drains, shoulders 




 Though PCPC has been used as a pavement material since 1960s, its popularity 
has increased in the past decade (FHWA, 2012; Schaefer et al., 2006). In recent years, 
several large-scale applications are witnessed in many countries around the world. In the 
US projects with more than 200,000 ft2 (~20,000m2) coverage were built with PCPC. 
Typical examples include Prime Outlets - Williamsburg, VA, Quil Ceda Creek, Tulalip, 
WA, 2008 Super Bowl Site, Glendale, AZ (WACA). Another example of large-scale 
application is the construction of 2.7 million square foot (250,000 square meters) of 
decorative PCPC for the 2008 Summer Olympics in Beijing, China(Stacey klemenc, 
2010).  
There are various advantages associated with the use of PCPC as a pavement 
material.  First, pervious concrete pavement reduces the runoff volume and accumulation 
of a large amount of storm water in areas of heavy storms; second, it retains the storm 
water on-site and recharges the ground water; and third, it reduces construction cost by 
eliminating storm sewers (ACI 522 Committee, 2010) (Tennis et al., 2004). In addition, 
PCPC provides first-flush pollution mitigation by letting rainwater to flow through rather 
than run off.  Also, pollutants such as oil-drips and heavy-metal powders from cars and 
other sources are carried into, and through the pavement where they are stored and 
treated by existing soil microbes (ACI 522 Committee, 2010).  Due to its features, 
pervious concrete has also been accepted by US EPA (United States Environmental 
Protection Agency) as BMP (Best management Practice) for storm water runoff  (“EPA: 




reduction of heat island effect and its reduction of snow and ice buildup in the winter 
(Haselbach, 2009).  
 
Despite the growing demand and its interesting advantages, pervious concrete has 
several issues. These issues can be classified into three major categories as: 
1. Workability and mixture proportioning related  
2. Hardened properties and usability related  
3. Future performance and durability related 
The main focus of this research is on the issues related to workability and 
mixture proportioning of pervious concrete. Detail description of these types of issues is 
presented below.    
Workability is the property of concrete that determines the ease with which it can 
be mixed, placed, consolidated, and finished (ACI 211 Committe, 2002). Currently, there 
exist certain workability issues, which are common to pervious concrete mixes. Some of 
these issues include harsh and dry mixes, rapid loss of workability, a requirement of 
longer mixing time, difficulty in discharging the mix from the mixer drum, difficulty of 
mix flowing down the truck chute, difficulties in placing and finishing,  paste drain down,  
clogging, lack of achieving the desired density and sealing of the finished surface with 
paste (Betiglu E. Jimma and Prasada R. Rangaraju, 2014).  
The workability issues of PCPC are related to various factors. Its open-graded 
aggregate gradation, the reduction or elimination of fine aggregate, the restriction on its 
paste content and poor paste flowability are the main sources for poor workability (ACI 




also another element of the problem. Mixture proportioning involves determination of the 
ingredients based on the performance requirements, mainly permeability and strength. 
Workability should have also been part of the mix proportioning procedure. However, the 
available mix design procedures lack the ability to account for the workability 
requirements of PCPC.  
The most common mix proportioning methods currently used in the industry 
include ACI 211.3, mixture proportioning for zero slump concrete; ACI 522, Report on 
pervious concrete and NRMCA’s guideline to proportioning of pervious concrete mixture 
(NRMCA, 2009). The mix design approach of ACI 211.3 and ACI 522 are very similar; 
the NRMCA procedure has a different approach to paste volume determination and w/cm 
selection. In ACI 211 and ACI 522, PCPC is treated as a zero slump concrete; as a result, 
the workability part is completely excluded from the mix-design process. This means, 
implicitly workability has been left to mixture proportioning personnel in concrete plants. 
The NRMCA mix proportioning guidelines provide options for w/c selection based on 
paste workability. Still this approach lacks proper correlation of the paste workability to 
pervious concrete workability. Therefore it is important to fill this knowledge gap by 
adding workability features to the mixture design process of pervious concrete.  
To address these workability issues in the mix design process and subsequent 
production, it is necessary to have workability characterizing tools and techniques. It is 
also important to have a quality control and quality assurance tool during the construction 
process. The most common concrete workability characterizing tool is the slump test. 




pervious concrete (Koehler et al., 2009; Malhotra, 1976). Currently, visual inspection and 
hand squeeze are the most widely practiced techniques in the industry for evaluating 
PCPC consistency (NRMCA, 2009; Tennis et al., 2004). Typically observed qualities 
include the coating of the aggregate with a uniform amount of paste, the consistency of 
the paste itself, sign of draining off or sign of stickiness of paste. This kind of qualitative 
observation obviously gives good information; however, it requires experienced 
personnel to evaluate the consistency of the mix. Additionally, this type of judgment is 
subjected to human interpretation. Therefore, it is very difficult to transfer personal 
interpretation into a common agreeable data which many engineers look for decision 
making purposes.  
Currently, there are various tools for characterizing the workability of  a low 
slump concretes (ACI 238 Committee 2003). Typical examples include compaction 
factor apparatus, intensive compaction test (gyratory compactor), kangaroo hammer test 
and proctor test. Most of these methods can be used for assessing the workability of 
PCPC, particularly its compactability. For instance, Kevern et al. have used gyratory 
compactor to study the compactability of PCPC mixes (Kevern et al., 2009).  Gyratory 
compactor simulates the actual field compaction condition, and it evaluates the 
compactability property of the previous concrete mix. However, its size and cost make it 
unsuitable for field quality control and quality assurance tests. Additionally, gyratory 
compactor cannot test some important workability properties of PCPC such as the ability 
of the mix to flow out of the mixer and/or to flow down the truck chute. Likewise, the 




workability characterizing tools are still needed. In this research, portable pervious 
concrete workability characterization tools are developed.   
An optimum paste rheology is critical for pervious concrete. A paste that is too 
viscous can result in poor workability, difficulty in mix flowing out of the mixer, 
difficulty in mix flowing down the chute and difficulty in attaining good consolidation. In 
addition, the buildup of the concrete inside the mixer drum will be very high. On the 
other hand, if the paste is too fluid, it will result in a paste drain down and sealing of the 
voids (NRMCA, n.d.). Therefore, it is important to balance the two extreme paste 
properties by characterizing the paste rheology.  
Another important factor in the mix design process of PCPC is determining the 
type and dosage of chemical and mineral admixtures. Currently, there are various types 
of admixtures, which are commonly used in pervious concrete. Some of these admixtures 
include high range water reducers (HRWR), viscosity modifying admixtures (VMA), 
retarders, hydration stabilizers, air entraining admixtures (AEA), supplementary 
cementitious materials (SMS), latexes, fibers, etc. All of these admixtures have distinct 
function. Use of two or more of these admixtures will have an interaction effect in 
addition to the main effect of each admixture component.  Therefore, determining the 
right dose of each admixture component for a given pervious concrete mix requires a 
considerable amount of research. Accordingly, this work will introduce quick and reliable 




1.2 Statement of the Problem 
The main focus of this research is improving the workability aspect of PCPC. 
This improvement is desired because of the existence of a considerable amount of 
workability-related issues in the industry. Some of these issues include: harsh 
consistency, difficulty of discharging, difficulty of placing and finishing, a requirement of 
large crew size and loss of productivity. Additionally, it is very common that poor mixes 
require job site water addition; this results subsequent paste drain down, lack of achieving 
the desired density and sealing and clogging of the finished surface with paste. 
Though these problems were common from the beginning of PCPC history, 
according to the literature review conducted (chapter II), less attention was given to the 
workability aspect of PCPC. Nevertheless, few studies have attempted to address the 
workability aspect of PCPC. However, the focus of those studies was mostly on the 
compactability aspect(Chindaprasirt et al., 2008; Kevern et al., 2009). In practical sense, 
workability is not only about compactability, but it also includes several other 
characteristics such as the ability to be mixed uniformly, placed evenly, and finished 
smoothly.  However, it seems that these important attributes are left to the judgment of 
concrete producer and placing contractor. In fact, the available mix design methods fail to 
address the workability aspect of PCPC adequately.  
Therefore, this research attempted to address the workability issues of pervious 





(a) Characterizing Paste Rheology:  The two important aspects of 
PCPC paste rheology are: paste flowability and paste film-forming ability.  In this 
study, new techniques for characterizing paste film-forming ability were 
developed.  In addition, a new procedure for characterizing the paste-film drying 
time of pervious concrete was developed.  paste flowability test is adopted.  
(b) Characterizing Concrete Rheology: In this study, two new PCPC 
workability characterizing tools – J-Shear Box and U-Slump were developed. The 
J-Shear Box is used to calculate the internal shearing stress in freshly mixed 
PCPC. The shear stress could be correlated to the spreadability of the mix. U-
Slump test could be used to characterize the flowability of the mix.   These tools 
were designed as portable and suitable for both lab and field uses.    
(c) Improved mixture proportioning technique: Based on the existing 
mixture proportioning technique (ACI 522), it is impossible to account 
workability during the mixture proportioning process. Instead, workability is 
achieved based on trial-and-error approach (ACI 522 Committee, 2010).  This 
trial-and-error approach involves varying several factors such as w/cm ratio, 
cement/aggregate ratio, admixture dosage, and admixture type. The scientific way 
to avoid this mundane practice is by developing a rational mixture proportioning 
method, which address the overall requirement of PCPC. Therefore, in this study, 
a new technique for accounting workability during the mixture proportioning is 





1.3 Objectives  
The specific objectives of this research are:  
1. To conduct literature review and identify the parameters for characterizing PCPC 
paste; identify the suitable test methods and develop a test method for non-
existing methods. 
2. To characterize the flowability, film-forming ability, and film-drying time of 
cement pastes in the range of w/c ratio 0.23 to 0.37 for PCPC application with 
the addition of high range water reducing admixture, viscosity modifying 
admixtures and retarders.  
3. To study the effect of aggregate size, specific surface area, surface texture, on 
film-forming ability of PCPC paste. 
4. To develop PCPC workability characterization techniques  
5. To develop an improved mixture proportioning procedure by including 
workability as a design parameter and integrating the overall mixture 
proportioning process. 
6. Evaluate the fresh and hardened properties of PCPC mixes proportioned based 
on the improved procedure.  




1.4 Research significance 
The outcome of this research will be beneficial to various parties involved in 
pervious concrete business. The most benefited parties will be companies in the ready-
mix concrete (RMC) industry. The outcome of this research will help RMC companies to 
design reliable pervious concrete mixes in short time and using less-expensive resources. 
Since it avoids the blind trial and error attempt for achieving workability, they will have 
great confidence on the workability and performance of the mix which they supply. In 
addition, the improvement of pervious concrete workability increases their productivity 
by reducing the cycle time of their trucks. Further, the negative effects of harsh mixes on 
their trucks due to mix buildup and blade wear out will be greatly reduced. 
Besides, the RMC companies, this research will benefit pervious concrete 
contractors, including their craftsmen, installers and technicians. This improved mix 
proportioning methods will boost the productivity of the contractors. Since the mixes 
delivered by the producers will be well improved, the burden on the craftsmen will be 
greatly reduced. Furthermore, the improvement on the mix workability and the ease of 
placing will create motivation among pervious concrete installers, and it improves their 
productivity.   
Finally, owners and consultant and design engineers will also benefit from the 
output of this research work. Owners will get satisfactory performance from the finished 
products; in addition, they will have economic advantages from construction cost 




workability tools will help engineers to specify workability in contract specifications. 
They will also be able to ensure quality during the construction process.  
1.5 Organization of the dissertation  
This dissertation presents a mixture proportioning methodology for pervious 
concrete mixtures with specific emphasis on achieving a desired workability along with 
the required physical and mechanical properties.  This dissertation builds upon 
fundamental knowledge developed in three specific areas – rheological behavior of 
cement paste in thin films, aggregate gradation optimization for void content, and 
characterization of workability of pervious concrete mixtures. This dissertation is 
comprised of nine chapters.  Each chapter is briefly described as follows:  
Chapter 1 presents the background and justification, the problem’s statement, the 
objectives and the research significance.  
Chapter 2 is a comprehensive literature review on pervious concrete, including its 
history, applications, mixture proportioning, materials and construction methods.  
Chapter 3 presents the experimental approach and the overall layout of the 
research work.  
Chapter 4 discusses the concept of paste film-forming ability, and the two-test 
methods developed to characterize it.  This chapter also discusses the characterization of 
flowability and film-forming ability of cement pastes with different w/c ratios and 
superplasticizer dosages.  Chapter 4 is formatted in the form of a technical article 




Chapter 5 presents how the individual and interaction effects of chemical 
admixtures could be characterized using a statistical approach. It extends the concept 
developed in Chapter 4 and presents a test procedure for paste-film drying time.  Chapter 
5 is presented in the form of a technical article prepared for submission to Construction 
and Building Materials Journal.   
Chapter 6 discusses the aggregate optimization experiment performed to obtain 
aggregates with variable void content.  
Chapter 7 provides a comprehensive description of the two workability-measuring 
devices developed in this study for characterizing PCPC and the associated experimental 
data to validate these methods.  
Chapter 8 presents the new mixture proportioning and reports the results obtained.  
Chapter 9 summarizes the main achievements and concludes on the results 
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2.1   General background and history  
Portland cement pervious concrete (PCPC) also known as no-fine concrete or 
porous concrete; is an agglomerated mass of paste coated aggregates. It is usually made 
from Portland cement, coarse aggregate, little or no fine aggregate, admixtures and water. 
The reduction or elimination of the fine aggregate from the aggregate matrix results an 
open-graded structure with interconnected pores that allow water to pass through 
easily(ACI 522 Committee, 2010). Historically, PCPC has been used for various 
applications. It’s first and the earliest reported application dated back to 1852 for the 
construction of two buildings in England provinces of Isle (Malhotra, 1976).  Then after 
70 years of dormancy, it is again introduced to England in 1923.  Its wide use for 
building construction happened  in Europe after World War II, due to a rise in housing 
demand and shortage of other construction material supplies (ACI 522 Committee, 2010; 
Malhotra, 1976; Monahan, 1981).  
The first reported use of PCPC in United States was in 1970’s as a surface course 
paving material for parking-lot in Florida. The first of this no-fine concrete, was patented 
as “porous pavement” (Ghafoori and Dutta, 1995; Monahan, 1981). The patented porous 
pavement was used for test strip and for the construction of a parking lot for the Sarasota 
church of Christ in Sarasota, Florida in 1979 (Monahan, 1981).The name “pervious 




Monahan, 1981, this concrete was produced using single-sized aggregate, normal 
Portland cement, and water (no admixtures are used).  
2.2 Physical Properties  
Pervious concrete is composed of interconnected pores ranging in size from 
0.08in to 0.32in (2 to 8 mm) that allow water to pass through easily. The void content can 
range from 15 to 35%, with typical compressive strengths of 400 to 4000 psi (2.8 to 28 
MPa). The drainage rate of pervious concrete pavement will vary with aggregate size and 
density of the mixture and typically it ranges from 2 to 18 gal/min/ft
2
 (81 to 730 
L/min/m
2
) (Neithalath, 2004; Sonebi and Bassuoni, 2013).  
2.3  Applications  
The most common uses of pervious concrete are pavement surface course 
applications such as parking lots, sidewalks and low traffic pavements. Its application for 
the surface course is due to three reasons. First, to reduce the runoff volume and 
accumulation of a large amount of storm water in areas of heavy storms; second, to retain 
the storm on-site and to recharge the ground water system; and third, to reduce 
construction cost by eliminating storm sewers (ACI 522 Committee, 2010) (Tennis et al., 
2004).  Additionally, the cooling effect of pervious concrete and its reduction of snow 
and ice buildup have increased its use for parking lots. Other applications  include, drains 
tiles, greenhouse floors, Tennis courts, Noise barrier and building walls (ACI 522 




Application for Pavements 
Early use of pervious concrete for pavements dates back to late 1960s. The first 
experimental PCPC pavement was successfully built in England (Maynard, 1970).  
However, due to improper use of that road by farm machineries and the accompanied 
failure of the pavement section that project had been considered as a failure (Monahan, 
1981). Nevertheless, other successful attempts were made, and later its use has increased 
in various areas of pavement applications.  Some of the early pavement related 
applications include: pervious concrete surface courses,  permeable base,  pavement edge 
drains or shoulders, overlays to highways and airport runways (Ghafoori and Dutta, 1995; 
J. Korheonen et al., 1989).   
Since the 1950s, the US has experienced an extreme upswing in urban land 
development.  The construction of brand new homes, streets, shopping centers, and 
parking lots has resulted in an increase in runoff volume and peak stream flows. The 
effects of urbanization on the hydrological environment have increased the awareness of 
many communities, and new laws have been passed encouraging land developers to 
practice safe storm-water management on their properties (Ghafoori and Dutta, 1995). As 
a result, in the past decade portland cement pervious concrete has obtained much 
popularity in the US. The main reason for the increase in its popularity is its recognition 
by the US Environmental Protection Agency (USEPA) as a best management practice for 
reducing the quantity of urban storm water runoff and reducing environmental pollution 




Further, in addition to its benefits in controlling storm-water runoff and pollution 
prevention, pervious concrete has provided an opportunity to earn a credit point for the 
US green Building Council’s Leadership in Energy & Environmental Design (LEED).  
LEED is a voluntary, consensus-based national standard for developing high – 
performance, sustainable buildings. The two major specific credits that pervious concrete 
help in gaining credit are: LEED Credit SS-C6.1 Storm water Management-Rate and 
Quality and LEED Credit SS-C6.2 Storm water Management – Quality Control. In 
addition, it can also help in other LEED credits such as, reducing heat island effect 
(Sustainable Site-Credit 7.1), recycled content (Materials and resources’ credit 4), and 
regional materials (Materials and resources’ credit 5) (Erin Ashley; Tennis et al., 2004).  
2.4 Issues of pervious concrete  
Though pervious concrete has such varied applications, it has also different issues 
and challenges. These issues can be classified into two major categories as: 
1 Workability and mixture proportioning related issues  
2 Hardened properties, performance and durability related issues.  
Workability and mixture proportioning related issues  
Pervious concrete has several workability related issues. Some of these include 
issues related with mixing such as harsh and dry mixes, difficulty of discharging the mix 
out of the mixer and difficulty of mix flowing down the truck chute. PCPC has also 




workability, requirement of longer mixing time, difficulties in placing and finishing,  
paste drain down and clogging, lack of achieving the desired density and sealing of the 
finished surface with paste(ACI 522 Committee, 2010; Burry et al., 2006; Jimma and 
Rangaraju, 2014) . 
The workability issues of pervious concrete are related to various factors. Its 
open-graded aggregate gradation and the reduction or elimination of its fine content, the 
restriction on its paste content and poor paste flowability are the main sources for poor 
workability in pervious concrete. The weakness of the current mixture proportioning 
techniques is also another element of the problem. Mixture proportioning of pervious 
concrete involves determination of its ingredients based on the performance 
requirements, mainly permeability and strength. Workability also need to be part of the 
mix proportioning procedure. However, the available mix design procedures lack the 
appropriate procedure to account the workability requirements of PCPC mixes (ACI 522 
Committee, 2010).  
  Labor intensive construction, short working time, loss of productivity, the 
requirement of certified craftsmen and technicians are construction-related 
issues.  Production and placement of pervious concrete require specialized construction 
practices and trained craftsmen and technicians. Currently, the National Ready Mix 
Concrete Association of North America (NRMCA) trains and certifies professionals in 
three levels. Accordingly, contractors who do not have the required number of certified 
professionals are not eligible to place and finish pervious concrete.  Because of the 




required to hire a certified contractor from other states such as Florida and Washington 
with additional cost.  
Hardened Properties, Usability, Future performance related issues  
Issues-related performance of the hardened concrete includes low compressive 
strength, poor raveling resistance, limited freezing and thawing performance and 
potential of its pores being clogged with dirt and soil particles. Because of such a 
problem, the application of pervious concrete is mostly limited to parking lots and low 
traffic roads and sidewalks. Several researchers in the past have tried to address these 
issues. Currently, there are various developments aimed at improving the compressive 
strength, raveling resistance, freeze-thaw performance. To improve the performance of 
pervious concrete different materials are introduced such as fibers, latexes, and several 
types of admixtures (Chindaprasirt et al., 2008; Lian and Zhuge, 2010; Moody, n.d.; 
Tamai, 1989).    
2.5 Materials 
Cement  
The materials used for pervious concrete are not different from the materials 
commonly used with conventional concrete. PCPC usually consists of normal portland 
cement, uniform-sized coarse aggregate, water and admixtures. The cementitious 
materials commonly used in pervious concrete include normal portland cements (ASTM 




materials (SCMs), such as fly ash (ASTM C 618) and ground-granulated blast furnace 
slag (ASTM C 989). The total cementitious material content of pervious concrete mixes 
range from 450 to 700 lb/yd
3
 or (270 to 415 kg/m
3
) (ACI 522 Committee, 2010; Tennis et 
al., 2004).   
Aggregates  
The major difference between normal concrete and pervious concrete is in the 
aggregate content and gradation. Usually the fine aggregate content of PCPC is very 
limited, approximately 0 to 10% of the total aggregate mass. Commonly used gradations 
of coarse aggregate  include, ASTM C 33 No. 67 (3⁄4 in. to No. 4), No. 8 (3⁄8 in. to No. 
16), and No. 89 (3⁄8 in. to No. 50) (Tennis et al., 2004, Florida concrete product 
association, 2000).  Determination of aggregate sizes depends on the desired surface 
finish. The surface finish of large-size course aggregate such as No. 67 is very rough; 
therefore, it is always recommended to use smaller size aggregates such as No.8, No. 789 
and 89 when smooth surface finish is desired (Wanielista et al., 2007). This also enhances 
the strength of pervious concrete (Yang and Jiang, 2003; Lian and Zhuge, 2009). The 
strength improvement with small size aggregates is attributed to the higher specific 
surface area of smaller size aggregate and their ability to bind large amount of cement 
paste, which provide strength to the system(Yang and Jiang, 2003).   
The uniformity coefficient Cu is another important parameter to evaluate the 
suitability of the aggregate for PCPC mix. Generally, aggregates with high Cu produce 
stronger pervious mixes, though the permeability decreases as the Cu increase ( Neptune 




and C33/C33M. The Rounded and crushed aggregates, both normal and light-weight, 
have been used to make no-fine concrete (Monahan, 1981). The nature of the parent rock 
also determines the suitability of the aggregate for pervious concrete applications. This 
includes the strength and resistance of the rock to mechanical degradation (Lian and 
Zhuge, 2009).  
The effect of fine-aggregates in pervious concrete is evaluated by many 
researchers. (Meininger, 1988) has evaluated various levels (0-50%) of fine aggregate 
additions. Addition of fine aggregates by more than 30% by mass of the aggregate turned 
the pervious concrete to normal concrete. PCPC Mixes up to 10% by the total mass of the 
aggregate has resulted permeable and durable pervious concrete. Lian and zhauge have 
also determined that fine-aggregate improves the mechanical property of the mix (Lian 
and Zhuge, 2010). Schaefer has evaluated the effect of sand addition on the freeze-thaw 
performance of pervious concrete. PCPC Mixes, which had 7% of fine aggregate have 
shown excellent performance (Schaefer et al., 2006). 
The aggregate content of pervious concrete mixes depends on the unit weight of 
the aggregate and the design void content of the mix. Generally, the aggregate to cement 
ratios (A/C) in PCPC are in the range of 4.0 to 4.5 by mass. These A/C ratios lead to 
aggregate content of 2200lb/yd
3




 to 1800 kg/m
3
) depending on 
the specific gravity of the aggregate (Tennis et al., 2004). Moisture content of the 
aggregate is also another important element to consider during proportioning and mixing 
of the pervious concrete. Aggregate moisture condition has a drastic effect on both 




cause paste drain-down. And when the aggregate is too dry, it sucks out the moisture 
from the paste and reduces the workability of the mix. Like normal concrete pervious 
concrete requires aggregates to be close to a saturated-dry condition (ACI 522 
Committee, 2010; Monahan, 1981;Tennis et al., 2004).  
Water  
The water content is an important aspect of pervious concrete mixture proportioning. 
According to Monahan, the early PCPC mixes had a relatively high w/c ratio in the range 
of 0.35 to 0.50 (Monahan, 1981). Tennis et al. reported the use of water to cementitious 
materials (w/cm) ratios between 0.27 to 0.30 with chemical admixtures.  ACI 522 
recommends use of low (w/cm) (typically 0.26 to 0.40) (ACI 522 Committee, 2010). The 
water content plays a significant role on the performance of pervious concrete mixes. Too 
much water causes low viscosity paste and subsequent paste drainage and clogging. On 
the other hand, too little water causes the mix to dry up. However, unlike conventional 
concrete, the effect of w/cm ratio on strength of pervious concrete is insignificant (Yang 
and Jiang, 2003) .  
Admixtures 
Admixtures are important components of pervious concrete mixes. Currently 
almost all pervious concrete mixes contain at least one type of admixture.  The most 
commonly used admixtures in pervious concrete are medium to high range water 




admixtures (ASTM C494 Type S), set controlling admixtures such as retarders and 
hydration stabilizers (ASTM C494 Type B/D), air-entraining admixtures (ASTM C260), 
Internal curing admixtures (ASTM C494 Type S), and other specialty additives such as 
latexes and fibers.  The following section discusses the effect of these admixtures on the 
performance of pervious concrete. 
Water reducing and High range water reducing admixtures (HRWR) or 
Superplasticizers (SP) 
The main purpose of water reducing admixtures in pervious concrete is to provide 
adequate workability for mixes produced at a very low w/c ratio. To generate the required 
workability for mixing, discharging and placing, the paste needs to be workable. Water 
reducing admixtures significantly increase the fluidity of the mix even at a very low w/c 
ratio. This improves the rheology of the paste, and it reduces the energy required for 
mixing, placement and compaction (Koehler et al., 2009). Several types of water 
reducing admixtures are currently available in the market. However, selection of the 
suitable admixture and determining the right dosage requires a considerable amount of 
research. The purpose of this research work is also to develop test methods, which help 
pervious concrete producers in determining the dosage of water reducing and other types 
of admixtures.   
The dosage of superplasticizers(SP) should be proportional to the w/c ratio of the 
mix to maintain good paste rheology; at higher w/c ratio, lower SP dosage should be used 




2009).  Improper dosage of SP results in undesired performance such as paste drain-
down, reduction of porosity and permeability (Koehler et al., 2009). Paste drain-down 
and porosity reduction are the results of higher SP dosage. On the other hand, if the 
dosage of the SP is insufficient, the mix will not maintain the desired workability. The 
required SP dosage of a given w/c depends on the type of the SP itself. This is because 
the performance of many SPs depends on their chemical composition (Jayasree and 
Gettu, 2008).  
Viscosity Modifying Admixtures (VMA)  
Viscosity modifying admixtures (VMA), also known as Rheology Modifying 
Admixtures (RMAs) are the others commonly used admixtures in pervious concrete. 
VMAs are water-soluble polysaccharides that enhance the water retention capacity of the 
paste. VMAs are commonly used to enhance the cohesion and stability of cement-based 
systems (Khayat, 1998).  VMAs can be powder-based or liquid-based product.  For 
instance, Kelco-crete is a powder-based products that contains welan gum and is used 
typically at a concentration ranging between 0.05 and 0.20%  by mass of cementitious 
materials, or 0.10 to 0.40% by mass of water (Khayat, 1998).   
VMAs form viscous solution that binds some of the mixing water in the fresh 
cement paste, thus increasing viscosity and yield value of the cement-based system. 
Cement grouts containing a VMA exhibit high reduction in fluidity and increase of 
viscosity over time because of their thixotropic nature. However, such an increase was 




containing an HRWR. VMAs can be used separate or in conjunction with HRWRs. 
However, the demand of the HRWR required to obtain a given fluidity increase with the 
increase in the VMA dosage and the reduction in the w/c (Khayat, 1998).   
In pervious concrete VMAs are used either separate or in combination with 
HRWRs to modify the rheology of the mix. There are various advantages associated with 
VMAs. These include, Stability of cement paste and reduction of paste drain down 
potential, increase in workability and compatibility of the pervious concrete mix and 
improvement in the drying of the PCPC mix because of its ability to stabilize high w/c 
ratio pastes and the potential of the VMAs to delay the setting time of the cement 
(Koehler et al., 2009; Khayat, 1998). The delay in setting time is usually associated with 
cellulose-ether-type VMA; Arcylic-type VMAs do not delay the setting time (Khayat, 
1998).   
Hydration Stabilizers  
Hydration stabilizing admixtures (HSA) or long range set retarders are commonly 
used for pervious concrete applications. Hydration stabilizers maintain the workability of 
PCPC and prevent premature drying and loss of workability. Normal dose of hydration 
stabilizing admixture extend the working time of pervious concrete by as much as 1.5 
hour depending on the dosage (Tennis et al., 2004). It also reduces the tendency to 
retemper the mix at the job site. The dosage of hydration stabilizers depends on the w/c 
ratio, the ambient condition and the desired amount of workability extension. Typical 




et al, have used hydration stabilizers up to 0.13 %solid/cement. This dosage has extended 
the initial setting time of the cement paste from 4:45 Hrs. to 19:09 hours(Koehler et al., 
2009).  
Latexes  
Latexes are added to pervious concrete to improve its compressive strength, 
raveling resistance, freeze-thaw performance and bonding to substrates, particularly in 
overlay applications (Huang et al., 2010; Schaefer and Kevern, 2011; Shu et al., 2011). 
The dose of latex for PCPC application depends on the desired performance. The dose 
should be based on the solid content of the polymer in the solution. 
 Fibers  
The addition of fibers into pervious concrete mixes is becoming a common 
practice. There are various types of fibers, which are commonly used for PCPC 
applications. Some common examples include plastic fibers such as polypropylene 
fibrillated, polypropylene micro fiber, polypropylene monofilament fiber, nylon 
monofilament fiber and cellulose fiber. The dosage and addition rate of fibers depends on 
the type of fiber, and it usually ranges from 0.1% to 0.2% by volume of concrete. The 
claimed benefits of fiber addition in pervious concrete include an increase in void content 
or porosity of the mix, improvement of flexural strength, improvement of abrasion 
resistance and residual strength(Moody, n.d.; Schaefer and Kevern, 2011). It is very 




addition, the mixing procedure should be carefully examined to obtain the appropriate 
dispersion of fibers. For normal mixing procedures, fibers mixed with the aggregate 
before the addition of cement gives the proper dispersion. 
Internal Curing Admixtures  
Internal curing admixtures (ASTM C494 Type S) are used in pervious concrete to 
maintain moisture conditions in freshly place cementitious mixtures. As the cement 
hydrates, water is drawn from the pores, but with internal curing admixture, water is 
reserved in the admixture’s water reservoirs, and this water is absorbed into the pores of 
the cement paste. At later stage of hydration, this process minimizes the development of 
autogenous shrinkage, help in avoiding early-age cracking, and improve strength.  
Internal curing admixtures extend the hydration time by 3 to 7 days compared with 
regular mixes  (Concrete Management Solutions, n.d.).  
2.6 Mixture proportioning  
The following section summarizes chronicled events of PCPC mixture 
proportions and the development of the present standard mixture proportioning methods 
(ACI 211, ACI 522 and NRMCA) and recent advanced proportioning techniques from 
international and national journals. This is not a complete literature review on pervious 
concrete mixture proportioning or PCPC history. However, it highlights the early mix 






History of pervious concrete mixture proportions development from Europe to 
North America 
1852: United Kingdom: - The earliest recorded use of no-fines concrete. Two 
houses are constructed using coarse gravel and cement. The mixes were composed of 
Francis Madina cement and excellent gravel, which have been carefully sifted clean and 
freed from sand and dirt (Malhotra, 1976) 
1923: United Kingdom: - More than 800 two-story houses were built using 
pervious concrete. Clinker aggregates were used for the concrete mixes (Malhotra, 1976) 
1950: USA: The first reported mix proportions for PCPC developed in North 
America. These mix proportions were conducted by National Bureau of Standards, with 
purpose of developing engineering data on no-fines concrete for building application 
(Malhotra, 1976; Valore and Green, 1951).  The mixes used a special type of siliceous 
pea gravel with limited gradation of minus 3/8 in. (9. 5mm) to plus No. 4 (4.75 mm) 
together with high-early-strength cement; no sand was used in these mixes. The water 
cement ratios in the range of 0.41 to 0.56 are used, additionally air entraining agents were  
used to increase the amount of entrained air in the system (Malhotra, 1976; Valore and 
Green, 1951).   
1960s-Canada: More pervious concrete mixes developed for building application: 
PCPC mixes with larger aggregate composition are produced for building applications. 




performance and increase the air content of mixes.  The pervious concrete mixes had a 
w/cm ratio in the range of 0.38 to 0.52 (Malhotra, 1976).  
1966: England- the first pervious concrete mix used for the construction of 
experimental no-fine concrete or PCPC pavement.  No description is available 
regarding the amount of cement and aggregate used. However, the amount of water 
used is described as “Only sufficient water should be added to ensure that each piece 
of aggregate is coated with a thin layer of grout. A moisture content of between 6 and 
7 percent meets this requirement” (Maynard, 1970).  
1975: USA- The first of no-fines concrete pavement patented as “ porous 
pavement” (Ghafoori and Dutta, 1995). It was proportioned with Type I Portland 
cement, medium-sized crushed aggregate, liquid adhesive mixture and air entraining 
agent. Aggregate- cement ratios of 3:1 are used. Grading of the aggregate was usually 
between 6 and 12.5 mm (1/4 and ½ in.). The proprietary adhesive admixture used was 
a single component water-based epoxy vinyl acrylic emulsion. And its main purpose 
was to improve the bond strength(Ghafoori and Dutta, 1995; Monahan, 1981) 
1988-USA, The most significant and comprehensive mixture proportion work in 
the US pervious concrete history was reported by Meininger (Meininger, 1988). These 
mixture proportions were developed by the joint research team of National Aggregates 
Association (NAA) and National Ready Mixed Concrete Association (NRMCA). The 
team studied the effect of w/c ratio, aggregate size, and aggregate to cement ratio, sand 




curves were also developed based on the result of this research. Some of the conclusions 
of this research include: 
 An increase in w/c resulted a reduction in strength. The optimum w/c ratio for 
mixes without admixture was found to be in the range of 0.35-0.45. An increase 
of w/c above .45 caused paste drain-down and strength loss. 
 Compaction affects the void distribution inside the concrete matrix. Heavy 
compaction squeezes out the paste and decreases the void content the mix. That 
kind of mix may have a higher compressive strength. 
 Adding sand improves the compressive strength but reduces permeability, but 
addition up to 10% by mass of the aggregate is encouraged.  
 Effect of aggregate size was also seen on both compressive and flexural strength. 
The smallest size gives better strength.  
2002: ACI 211.3: Guide for selecting and proportioning No-slump concrete is developed. 
This guide was developed based on the results of the NAA and NRMCA research  
2008: ACI 522 Reports on Pervious Concrete: A comprehensive literature review 
on PCPC and mixture proportioning method was developed based on ACI 211.3 
2009: NRMCA: Mixture proportioning spreadsheet and guidelines are developed 
for pervious concrete mixtures. The NRMCA guideline provides better information on 
w/c ratio selection. According to this guideline, cement pastes in range of w/cm values 
from 0.27 to 0.40 are mixed in Hobart’s type mixer with increment of 0.02; after that the 
paste is filled into the flow cone mold in two layers with 5 tamps for each layer. Next the 




paste with a 5 in spread is considered suitable for pervious concrete application 














2.7 Construction of pervious concrete pavement  
 
In the past, construction of pervious concrete pavement was a labor-intensive 
process, and the construction techniques haven’t changed much within the past 60years, 
and even now it is labor-intensive process. Fig 2.1 shows the construction of the first 
PCPC pavement in England in 1966. Fig 2.2 shows the construction of pervious concrete 
in Walmart parking lots in McKinney, TX.  Fig 2.3 shows partial construction of 
pigmented PCPC pavement section for 2008 Beijing Olympics in China. Previous 
concrete pavement construction process involves discharging of the mix from the truck, 














Fig 2.1 The construction of the first pervious concrete pavement, Ready mix truck delivering, 
shoveling with hand, leveling with straight edge and compacting with steel roller. Image 



















Importance of mix workability for economy and quality of pervious concrete 
pavement construction is very high. Workable mixes increase the productivity of the 
contractor, reduce the crew size, and reduce the truck return time. The improvement in 
the construction speed and condition will help the contractor to cut cost. Additionally, 




Fig 2.2 Placement of pervious concrete for the construction of Walmart parking lot at 

























Fig. 2.3 Pigmented pervious concrete being placed for the Summer Olympics in Beijing china 
in 2008; similar procedures of placing, spreading by shovels and finishing by steel roller 







2.8 Workability of pervious concrete  
Workability requirements of pervious concrete  
Workability of fresh pervious concrete is an important characteristic. It controls 
the ease of mixing, placing, compacting and finishing. In general attributes of PCPC 
workability include: 
 The ability of the paste to lubricate and facilitate aggregate’s movement 
(Mixability) 
 The easiness  to be mixed and to develop less build up inside the mixer 
drum, (less build-up) 
 The ability of the mix to flow out of the mixer (Flowability), 
 The ability of the mix to flow down from the chute, (Flowability ), 
 The easiness of the mix to be spread by finishing devices (Spreadablity), 
 The ability of the paste to stick on the aggregate surface and not to drain 
off (Paste stability), 
 The ability of the mix to provide smooth unsealed surfaces when 
compacted (finishability), 
 The ability of the mix to attain the target density while compacted and the 
compaction energy requirement of the mix (Compactability)  
Pervious Concrete Workability Characterization  
Slump test is the most widely accepted workability test for conventional concrete. 





because of PCPC’s nature, slump test cannot provide adequate information on PCPC 
workability(ACI 522 Committee, 2010; Koehler et al., 2009; Malhotra, 1976). The 
unsuitability of slump test led experts to adopt visual examination as workability 
characterization method for PCPC. The visual examination technique includes judging 
the overall quality of the mix particularly ensuring that each aggregate particle is evenly 
coated with a cement paste of metallic sheen (Malhotra, 1976; Mawby and Bury, 2006).  
To help the visual method, some literatures have supplemented guiding images 
that show the different conditions of PCPC workability. For instance, Fig 2.4 shows three 
images of PCPC mixes at distinct water content. Freshly mixed pervious should be plastic 
and capable of being shaped like modeling clay when squeezed by hand (Tennis et al., 
2004). The right water content is the one in which mixture forms a cohesive ball. 
However, recently, the NRMCA has declined its recommendation to this type of mixture 
description because of the bad performance observed with this kind of mixtures as they 
tend to be too stiff and difficult to discharge (NRMCA, 2010).  
Currently, NRMCA recommends a different approach of visual inspection. This 
approach is known as hand squeezing technique, see Fig 2.4. A sample of pervious 
concrete is grabbed in the hand, squeezed and released. The paste is considered good 
enough if aggregate particles adhere to the vertical surface of the hand. If all the 
aggregates fall off form the hand and the hand is dried, the mixture is considered as too 
dry. If the aggregate falls off the hand and there is moist paste slurry remaining on the 





 NRMCA also recommends an inverted slump test as a workability characterizing 
tool for pervious concrete. The cone is filled to the top, allowing the material to self-
consolidate. Then the material is left in the cone for two minutes. If paste leaks from the 
bottom of the cone, the mixture is considered as too wet. If no paste is observed at the 
bottom, the cone will be lifted up slowly, if the material slides when the cone is gently 
shaken, the mixture is considered workable, see Fig 2.6. However, both the hand squeeze 
method and the inverted slump cone method are not recommended for decision making 
and rejection of the mix (NRMCA, 2010).  
  
 
Fig 2.5 Hand Squeeze pervious concrete workability evaluation  (NRMCA, 2010) 
 
Fig 2.4 Visual Samples of pervious concrete with different water contents, formed into a ball: 



























Fig. 2.6 Inverted slump cone method of pervious concrete workability evaluation. Figure on 
left is off correct consistency with no paste run down. Figures on the right indicate an 





In summary, the general guidelines and actions while characterizing the 
workability of pervious concrete visually include 
 If the aggregate is properly coated with the paste.  
 If the paste has the appropriate moisture content neither too dry nor too 
wet.  
 If the paste has the necessary rheology to coat the aggregate, to lubricate 
them and initiate the flow of the mixture.  
 If the mix needed additional water or chemical admixture. 
Though the visual approach seems to provide the necessary information for 
experienced craftsmen, it has drawbacks associated with it. First, due to the subjective 
nature of the test, it is impossible to identify the variability between mixes. In addition, 
due to human perception differences from person to person, there is a possibility of 
accepting the mix which has to be rejected and rejecting the mix which deserves 
acceptance. Further, the subjectivity of the test makes it difficult to document the mix 
condition in numeric values, which most engineers need for decision making. 
Workability measurement for zero slump concretes and its application in pervious 
concrete  
Certain test methods, which have been commonly used for characterizing low-
slump concrete, are currently available in the industry. Few of these test methods include, 
the proctor test, Kango hammer test, the intensive compaction test or gyratory 
compaction test (ACI 238 Committee, 2003; Kevern et al., 2009a). Some of these test 
methods can be used for characterizing the compactability of pervious concrete in the 





Currently, ASTM C1688 is the most widely adopted fresh pervious concrete test 
method. This test method is evolved from standard proctor test (ASTM D698). ASTM 
C1688 helps in determining the density, void content and compactability of freshly mixed 
pervious concrete. One advantage of this test method is its simplicity for job site 
applications. It is also possible to determine the ability of the mix to attain the target 
density before placement and during the design process.   
Kevern et al. evaluated the workability of pervious concrete using modified 
Superpave Gyratory Compactor (SGC). The advantage of using SGC is the ability to 
simulate the filed compaction condition. SGC is also able to produce consistent PCPC 
specimens in the laboratory. The compaction pressure required for compacting PCPC 
samples is different from the energy required for asphalt mixes. Typical compaction 
devices for pervious concrete are either weighted roller or roller screed. A weighted roller 
can weigh 20 kg/m (12 plf) to 30 kg/m (30 plf).  To simulate this field condition the 
gyratory compactor pressure had to be set to 60 KPa (Kevern et al., 2009a).  
In Kevern’s study, the workability of the pervious concrete mix was characterized 
by plotting the degree of compaction (DoC) with respect to the number of gyrations. 
(Kevern et al., 2009a) , the two parameters, the Workability Energy Index (WEI) and 
Compaction Densification index (CDI) characterized the workability property of PCPC 
mixes. WEI measures the intrinsic workability of the mix. The CDI measures the 
resistance of the mix to compaction energy. Both WEI and CDI are measured by 
calculating the area under the respective curves as shown in Fig. 2.7. Table 2.2 below 
gives interpretations for the values of WEI and CDI in terms of pervious concrete 



















The advantage of using the gyratory compactor for characterizing PCPC is its 
accuracy and the ability to quantify the compactability in terms of WEI and CDI.  In 
addition, the gyratory compactor can be a suitable device for producing consistent test 
samples in the laboratory. However, this test device is unsuitable for field applications. 
Furthermore, an extreme care is required to protect the device from damage from paste 
leakage.   
 
  


















2.9 Summary  
This literature review presented general overview of pervious concrete focusing 
on its historical development, mixture proportioning, workability characterization and 
construction practices. The main points of this review can be summarized as: 
 Pervious concrete is not a new product; its original application was for building 
construction, now it is being widely used for pavement-related applications. 
 The components of PCPC include portland cement, water, coarse aggregates 
and range of chemical admixtures and additives. The addition of chemical 
admixtures on a pervious concrete mixture has a significant influence on its 
workability. 
 
Fig 2.7 Relationship between number of gyrations and apparent degree of 
compaction for pervious concrete; and definition of workability index 





 Literature indicates the importance of characterizing the fresh PCPC 
properties in a scientific way.    
 There are two standardized PCPC mixture proportioning methods; The ACI, 
522 methods and the NRMCA. Both methods are in adequate to account 
workability.  
 Construction of pervious concrete pavement is a labor intensive process. 
Poor workability causes loss of productivity, poor construction quality and 
increase in cost.  
 The available methods of workability characterization tools and techniques 
are limited. Visual examination is the widely adopted method. However, 
there is a great interest in the industry for the development of new 
workability characterizing tools. 
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3.1 General  
This section presents a brief layout of the research work and the strategies 
followed to achieve the objectives.   
3.2  Introduction: 
The objective of this research is to improve the workability features of pervious concrete 
by filling the gap in pervious concrete mixture proportioning techniques. This is 
accomplished by adding workability features and integrating the overall mixture 
proportioning processes. The experimental approaches followed to achieve these 
objectives include optimization of pervious concrete paste, development of workability 
characterizing tools and integration of the mixture proportioning process.  
3.3 General layout of the research work  





















Fig. 3.1 General layout of the research work, it includes the improved mixture proportioning procedure, the newly developed 





3.4 Detail of Experimental approach  
In order to achieve the objectives, the research work was divided into the following four 
specific tasks:  
Task 1: Development and adaptation of pervious concrete paste characterization methods 
and evaluation of cement pastes for pervious concrete applications:  
 The works related to this task and the results obtained are presented in Chapter 4  
Task 2: Evaluating the effect of multiple chemical admixture on  pervious concrete paste 
properties:   
 This works related to this task and the results obtained are presented in Chapter 5.  
Task 3: Development and evaluation of pervious concrete workability characterizing 
tools: 
 The works associated with this task and the results obtained are presented in 
chapter 6.  
Task 4: Improving the current mixture proportioning procedures by incorporating aspects 
of workability and development of trial mixes based on the new mixture proportioning 
approach and evaluating the effectiveness of the new mix proportioning procedures: 
 The improved mixture proportioning procedure integrates all the tasks. The main 
works related to this task are presented in chapter 8. The paste optimization part 
is presented in Chapter 5. The aggregate optimization part is presented in 
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4.1 Abstract 
In this paper, the concept of paste film-forming ability is introduced as a 
parameter for mixture proportioning of pervious concrete.  Two new paste film-forming 
ability test methods are also introduced. The two methods characterize film-forming 
ability in two conditions. The first method characterizes the ability of a cement paste to 
form a stable film on  a smooth nonabsorbent vertical surface. The paste thickness 
measured from this test is called, Ideal Paste thickness (IPT). The second test 
characterizes the ability of cement paste to adhere and remain on an aggregate surface 
(paste-adhesion ability); this paste thickness is called actual paste thickness (APT). Then  
IPT and APT were correlated based on tests performed on saturated surface-dried (SSD) 
aggregates and  superplasticized cement pastes produced from four water to cement (w/c) 
ratios (0.23, 0.27, 0.32 and 0.37). Both IPT and APT can be used as design parameters 




4.2 Introduction  
Portland Cement Pervious Concrete (PCPC) is a special type of concrete with 
interconnected pores that allow water to pass through. Though PCPC existed in the 
construction industry for several decades, recently it has gained unprecedented attention 
because of its environmental benefits[1]. Applications of PCPC include exposed parking 
lots, lightly trafficked pavements, walkways, drains and shoulders in which precipitation 
is intended to drain down to the substrate soil. Additionally, PCPC can be used in urban 
pavements to reduce urban heat island effect and noise generated from tire-pavement 
interaction [2–5]. 
The matrix of PCPC is formed from an agglomeration of paste coated aggregate 
particles. Workability in PCPC is provided through the lubricating action of the paste [6]. 
Consequently, when the matrix is hardened, strength is developed in the paste and 
transferred to the aggregate through bonding. The stability of the entire matrix is 
maintained through bond and contact load transfer between the paste-coated aggregates. 
Thus, the role of cement paste in PCPC is significant in both fresh and hardened 
properties of PCPC [6-7].  
Workability of PCPC refers to various characteristics such as mixability, 
dischargeability, finishability, compactability etc.[8] To attain satisfactory workability, it 
is important to account for workability during mixture proportioning. However, due to 
lack of scientific procedures, the current approach for attaining workability is based on 
trial-error approach [1].  Often this kind of approach leads to unpredictable performance 




the past have attempted to correlate paste flowability with workability properties of 
PCPC [7- 9]. For instance,  Chindaprasirt et al, have correlated paste flow with design 
void content of workable PCPC mixes[7]. Similarly, the NRMCA mix design method 
suggests a certain  paste spread for good PCPC workability[9]. Though paste flowability 
can be correlated with PCPC workability as in these examples, in cannot be used as a 
standard parameter for all PCPC mixtures. This is particularly true when the paste 
volume, design voids and aggregate gradation significantly change from mix to mix [10]. 
Therefore, this work introduces the concept of paste film-forming ability as an additional 
parameter for characterizing cement pastes for PCPC applications. This parameter can be 
used to characterize the stability of the paste at different flowability levels. It also be used 
to characterize the ability of a cement paste to form a stable film on aggregates that have 
different surface textures and moisture conditions. The paste film-forming ability coupled 
with paste flowability can be used for selecting cement pastes for PCPC applications.  
4.3 Experimental Design, Materials, and Methods 
Experimental setup 
In this study, the film-forming property and flowability of 16 cement pastes are 
evaluated. The pastes were prepared from four w/c (w/c = 0.23, 0.27, 0.32 and 0.37). The 
superplastizer (SP) doses were varied from 0.05% to 0.475% solid by the weight of the 
cement. Four levels of SP were used with respect to each w/c. The initial SP dose, which 




were determined, the experiments were run by increasing the SP doses with rate of 
0.05%. Then the experiments in each w/c ratio were run for four increments.  The test 




















Table 4.1 : Experimental data points  
SP dose % 
solid 
w/c 
0.23 0.27 0.32 0.37 
0.025    * 
0.05     
 
 
0.075     
 
* 
0.1     *  
0.125     
 
* 
0.15     *  
0.175   * 
 
* 
0.2   
 
*  
0.225   * 
 
  
0.25   
 
*   
0.275   *     
0.3   
 
    
0.325 * *     
0.35 
 
      
0.375 *       
0.4 
 
      
0.425 *       
0.45 
 
      
0.475 *       





The cement used for this experiment was a Type I Portland cement meeting 
ASTM C 150 specifications.  The chemical and physical properties of the cement are 
given in Table 2. Adva 190 Superplasticizer manufactured by Grace Construction 
Chemicals was used at different dosage rates. This SP is a polycarboxlyic ether based 
product with solid content of 31%. Tap water was used to mix the pastes according to the 
specified w/c ratios. The amount of water added was adjusted for the water in the SP.  
Table 4.2. Chemical Composition of Portland 
Cement  







Loss on ignition (%) 1.1 
Insoluble residue (%) 0.25 
  
Paste preparation  
The pastes were prepared in a standard Hobart mixer with a 5-liter bowl capacity 
and three mixing speeds. The entire cement content and 70% of the water required were 
mixed for 2 min at speed 1, then the SP, along with the remaining water was added to the 
cement paste; at this time, the mixing was stopped and the sides of the mixer bowl were 




Marsh Cone and Mini Slump tests 
The flowability of the cement paste was characterized by using Mini Slump tests. 
Several researchers have used the Marsh cone test to characterize the fluidity of cement 
pastes [4-6].  In the present study, a plastic cone manufactured locally (as per European 
standard, EN 445) with a nozzle diameter of 9mm was used. Before the test, the mold 
was fixed on a wooden stand, 40 mm above the inlet of the collecting jug and 1000ml of 
paste was poured into the cone, and the time required for 500ml paste to flow was 
recorded [11].  The flow times describe the fluidity of the paste; higher the flow time, 
lower is the fluidity of the paste.  Important information that can be obtained from Marsh 
cone test is the saturation superplasticizer dosage for particular w/c ratio [12]. The semi 
log plot of the flow time was interpreted to understand if saturation dosage has been 
reached when the maximum dosage was limited by paste film forming property. In 
addition, the result of the Marsh cone test was used to describe the pour-ability of the 
paste for two-stage mixing process. Two-stage mixing process is a type of mixing 
procedure in which the paste is mixed separately and later added to the aggregate to 
create the PCPC mixture.  
The spreadability of the paste was characterized by Mini Slump test which was 
initially suggested by Aïtcin[13] and used by several others [11, 14]. The cone used has a 
truncated shape, with height = 57 mm, bottom diameter = 38 mm and top diameter = 19 
mm. Once the cone is filled with cement paste, it is gently lifted up by allowing the 
cement paste to drain down and spread. Finally, the spread diameter is measured in two 




Paste-film forming property 
The concept of paste film-forming ability 
There are two important paste characteristics that need to be considered while 
designing cement pastes for PCPC applications; these are flowability and film-forming 
ability. The higher the flowability of the paste, the higher will be the workability of the 
concrete. However, in PCPC if the paste is too fluid it won’t be able to form a stable film 
on the aggregates surface. This can lead to paste drain-down, which can cause poor 
compressive strength and poor permeability due to sealing of the bottom surface of the 
pavement.  For this purpose, the concept of paste-film forming ability is introduced as a 
parameter for characterizing cement pastes for PCPC applications. Two new paste film 
characterizing methods are also developed for this purpose. The two methods 
characterize film-forming ability in two conditions. The first method characterizes the 
ability of a paste to form a stable film on a smooth nonabsorbent surface. The paste 
thickness measured from this test is called, Ideal Paste thickness (IPT). The IPT can be 
used to characterize and compare the film-forming ability of cement pastes. The second 
test characterizes the ability of cement paste to adhere and remain on an  aggregate 
surface; this paste thickness is called actual paste thickness (APT). APT can be 








Ideal Paste thickens (IPT)  
Ideal paste thickness (IPT) characterizes the film-forming ability of cement pastes 
in standard surface condition. The test method developed for characterizing IPT is similar 
to the methods used for measuring adhesion by Sonebi et al[15] and Kwan et al.[16]. 
Sonebi et al[15] used Lombardi plate adhesion test to measure the adhesion of cement 
grouts. Similarly Kwan et al.[13] Used weight gain on granite rods to characterize the 
adhesion of fresh cement mortars. However, this test method measures the formation of 
stable paste thicknesses on vertical surfaces. 
The device used for characterizing IPT contains ultra-high molecular weight 
polyethylene (UHMW) plastic rods (Fig.4.1). The plastic rod represent standard surface 
because of its low water absorption and high surface smoothness. Also, the use of a 
standard material such as UHMW plastic rod can be standardized as it is a readily 
available material.  Four different size plastic rods 1”, ¾”, ½” and 3/8” in diameter and 
12” in length were used for this study. In general five steps are involved in this process: 
(1). Each rod was pre-wetted and surface dried with wet towel to prevent any potential 
absorption, then initial weight was taken. (2). Immediately after mixing, half liter paste 
was poured into a one liter capacity jug, which has diameter of 150mm (6”) and height of 
200 mm (8”), then the plastic rod was immersed in to it. (3). The immersed rod was 
rotated manually for 25 revolutions within 11-13 seconds to simulate mixing. (4). Then 
the rod was taken out slowly within 2 seconds and held vertically on a support until the 
paste stopped to drip off the rod. (5). Finally, the loose paste at the end of the rod was 














The weight gain by the rods was translated into equivalent paste thickness using 
the geometry of the plastic rod and the paste density. For instance, a w/c 0.27 paste with 
density of 2.17g/cc forms a stable paste mass 5.19 grams on a ½” (12.7mm) diameter rod. 
And if the coated length of the rod is 58mm, then the average paste thickness will be 
0.96mm. This paste thickness calculation assumes a uniform paste thickness along the 
coated length of the rod. However, due to sagging, there might be a tendency of variable 
paste thickness formation along the coated length. 
Actual paste thickness (APT) 
Actual paste thickness (APT) measures the ability of cement paste to form a 
stable film on aggregate surfaces. It also indirectly measures the paste-adhesion ability. 
APT depends on the film-forming ability of the paste and the surface and moisture 
condition of the aggregate. To characterize the APT of the pastes, three different sizes of 
Fig 4.1. Plastic rods used to evaluate the film-forming ability of cement pastes. A. 
Different size of rods, B. plastic rod immersed in the paste, C. plastic rod suspended 








aggregate were used. The three size ranges are: Size A:  passing ½”(12.7 mm) sieve -
retained on 3/8”(9.5 mm) sieve, Size B:  Passing 3/8” (9.5 mm)  sieve – retained on #4 
(4.75 mm) and Size C:  Passing # 4 (4.75 mm)  sieve – retained on #8 (2.36 mm) sieve. 
This process involved soaking the aggregates in water for 24 hours and then drying the 
aggregates to a saturated surface dried condition (SSD) condition.    100 grams of the 
SSD aggregate from each size separately mixed in a bowel with 100 grams of paste by 
stirring manually with trowel for 60 seconds. Then the paste-coated aggregates were 
drained over #16 (1.18 mm) sieve by spreading them gently and waiting for 2 minutes till 
the free paste drain off. Finally, the paste coated aggregates were transferred to an empty 
pan and the weight gain by the SSD aggregate was determined.  The process of 
























Fig.4.2. Evaluation of the adhesion property of cement paste on aggregate surface. A. 
100g of SSD aggregate, B. SSD aggregate mixed with 100 gram of paste, C. The 




The mass gain due to the paste adhesion on the aggregate is expressed as a 
percentage of the mass of the SSD aggregates. Then the mass gain was converted to 
equivalent paste thickness (APT). The equivalent paste thickness was calculated based on 
the paste density (ρp) and specific surface area (S) of the particular aggregate size. The 
following equation proposed by Chapuis and Legare [17-18] was used for calculating the 







           [4.1]   
Where, ρs is the density (kg/m
3
) of the aggregate and d is the diameter or size of the 
aggregate in meter, assuming all aggregates are spherical. 







         [4.2]   








4.4 Experimental Results and discussion 
Ideal Paste thickness (IPT) 
The data for IPT and APT are presented in Table 4.3. The plastic rod test 
proposed in this work could be used to characterize the IPT of the cement pastes 
effectively.  The IPT could show the change in the film-forming ability of the pastes as 
the w/c ratio and SP doses change. The IPT measured using the four different size 
UHMW plastic rods are analyzed. The effect of rod sze (diameter) on IPT is also studied 
using a statistical method. As per the analysis of variance (ANOVA), there is no 
significant difference (P-value = 0.132) in thickness measurement between the rods. 
Therefore, single size rod can be used to measure the paste thickness of flowable cement 
pastes. Fig.3 shows the box plot of the data (red lines) and the mean diamonds (green 
lines) of the ANOVA; the mean paste thickness obtained from the four rods is very close 
to the overall mean. From this, we can conclude that there is no difference in paste 
thickness measurement between the rods. However, the measurement obtained from rod 
C is less variable than the measurement obtained the other three rods. Therefore Rod C is 









Ideal paste thickness(IPT), 
mm 
Paste Adhesion on SSD aggregate, % and Actual paste 
thickness (APT), mm 




Size A Size B Size C Average 
% mm % mm % mm % mm 
0.23 0.325 0.81 0.72 0.6 0.64 0.69 22 0.47 24.8 0.31 51 0.32 32.6 0.37 
0.23 0.375 0.17 0.17 0.39 0.23 0.24 13.1 0.28 16.6 0.21 38 0.24 22.6 0.24 
0.23 0.425 0.19 0.21 0.16 0.21 0.19 10.3 0.22 15.6 0.19 31 0.19 19.0 0.20 
0.23 0.475 0.14 0.17 0.12 0.16 0.15 9.4 0.20 10.6 0.13 22.5 0.14 14.2 0.16 
0.27 0.175 1.24 0.96 0.91 1.24 1.09 22.6 0.49 28.6 0.36 46 0.29 32.4 0.38 
0.27 0.225 0.22 0.23 0.35 0.27 0.27 12.7 0.27 15 0.19 26 0.16 17.9 0.21 
0.27 0.275 0.14 0.13 0.16 0.17 0.15 9.7 0.21 11.8 0.15 21 0.13 14.2 0.16 
0.27 0.325 0.06 0.02 0.09 0.09 0.07 6.6 0.14 8.5 0.11 17.5 0.11 10.9 0.12 
0.32 0.1 1.29 1.15 0.87 0.97 1.07 25 0.54 20 0.25 42 0.26 29.0 0.35 
0.32 0.15 0.49 0.51 0.53 0.57 0.53 12.5 0.27 14.9 0.19 30 0.19 19.1 0.21 
0.32 0.2 0.11 0.15 0.11 0.15 0.13 6 0.13 7.5 0.09 15 0.09 9.5 0.11 
0.32 0.25 0.07 0.03 0.07 0.1 0.07 4 0.09 5.9 0.07 18.5 0.12 9.5 0.09 
0.37 0.025 0.66 0.77 0.71 0.71 0.71 21 0.45 25.7 0.32 57 0.35 34.6 0.38 
0.37 0.075 0.65 0.69 0.74 0.57 0.66 11.4 0.24 15.6 0.19 30.6 0.19 19.2 0.21 
0.37 0.125 0.18 0.23 0.2 0.26 0.22 7.6 0.16 9 0.11 18 0.11 11.6 0.13 
0.37 0.175 0.09 0.17 0.13 0.14 0.13 7.2 0.15 7.7 0.10 20 0.12 11.5 0.13 
  













Response surface and statistical model for predicting IPT 
Using the test procedure for measuring IPT, the effect of w/c and SP on film-
forming ability was studied. Fig. 4.4 shows the results from these tests. At all the w/c 
ratios investigated in this study, paste thicknesses ranging from 0.1 mm to 1.0 mm, could 
be produced by varying the SP dosage. There is a constant reduction in paste thickness 
for any increase in SP dosage beyond the initial SP dose. The reduction in paste thickness 
follows an exponential trend, see Fig.4.4. This shows the importance of controlling SP 
dosage on PCPC mixes based on paste thicknesses.  
Response surface curves were generated for the IPT at different w/c ratio and SP 
dosages.  Fig.4.5 shows these response surfaces, these curves are generated for the 
cement and admixture used in this research.  Similar curves can be generated for any 
 
Fig. 4.3. Box plot and ANOVA mean diamond plot of the IPT 
measured by the four different rods. 
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particular set of materials. Once they are generated they can be used for selecting both 
w/c ratio and SP dosage for a desired ideal paste thickness. For instance, to produce a 
paste that can result in IPT of 0.5mm, various combinations of w/c and SP can be 
selected. If w/c of 0.3 is selected, then SP dosage of 0.2% is indicated in Fig. 4.5.  
In addition to the Isoresponse surfaces, a mathematical model could be developed to 
predict the IPT for any combination of w/c and SP. Using statistical analysis software, 
appropriate statistical model shown in equation 4.3 is fitted for predicting IPT. The 
estimate (coefficients) and the p-value (that indicates the significance of the individual 
coefficients) for the model are shown in Table 4.4. 
 




 = 0.83     [4.3] 
   
Table 4.4:  ANVOA for IPT 
Term Estimate  P value>|t| 
Intercept  4.8 < 0.0001 
w/c 9.5 < 0.001 
SP -9.0 < 0.001 
SP*SP 8.0 < 0.010 
  
























































SP dosage % solid by weight of cement  
w/c = 0.37




















Repeatability of IPT measurement 
The repeatability of the IPT measurement was studied by conducting randomized 
repeated paste thickness measurements on two different cement pastes, P1 and P2. Four 
repeated measurements (a total of sixteen measurements per paste type) were taken using 
the four plastic rods.. The two paste types selected were from medium to low paste 
thickness range (0.1 to 0.5 mm). These types of pastes were considered to have less 
variability due to the uniformity of the paste film that forms on the plastic rods. Usually, 
 
 
Fig. 4.5. Response surface of IPT (mm) at different levels of w/c and SP (% 
solid by weight of cement)  
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when the paste thickness is higher than 0.5 mm; the variability of the test increases due to 
non-uniform film formation.   
The two cement pastes were selected and prepared using similar mixing 
procedures and the same type of materials as in the main experiment; however, the type 
and dosage of the chemical admixtures used for the repeatability study were different. P1 
was prepared using a polycarboxylate based superplasticizer, which-according to the 
manufacturer- believed to have some type of workability retention property. This 
superplasticizer is a blue liquid with solid content of 26.5%. The water to cement ratio 
used for this experiment was 0.32.  Similarly, P2 was prepared using similar type of 
superplasticizer and the same type of w/c ratio as P1 but with additional retarding 
admixture.  The retarder used is a brown liquid carbohydrate based admixture with solid 
content of 32.5%. This admixture has a property of increasing paste viscosity initially, 
and then gradually it loses its paste stiffening property. The retarder was added at the end 
of the mixing cycle of the paste and was mixed for one more minute.  
Analysis of variance (ANOVA) was performed to evaluate the effect of rod type 
on the paste thickness measurement. In general, the effect of rod type on paste thickness 
is statistically insignificant (p-value = 0.1319). The variability of the test was plotted in 
Fig. 6. From this plot, it was possible to evaluate the effect of the plastic rod size on the 
variability. In general, rod A has the highest variability, whereas rod C has the lowest 
variability. This is similar to what has been observed in the main experiment. The mean 
and standard deviation of the paste thickness measured using rod C is (0.214, 0.0257 
mm) and (0.24, 0.0363mm) respectively for P1 and P2. This gives the coefficient of 
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variability (COV) of 12 and 15% respectively for P1 and P2. It also shows that the IPT 
measured using rod C is more reliable than the IPT measured using the other rods. The 
measurements obtained using the four plastic rods were contrasted using T-test. The 
result of the t-test is presented in Table 4.5. The connecting letter report shows the 
significantly different parameter; the means that are not sharing a letter are significantly 
different. For instance, in P2 both rod A and rod D share letter K therefore, the 
measurement obtained using these two rods are not significantly different. Similarly, Rod 
B, C, D share letter S, therefore the mean IPT obtained using these three rods are not 
significantly different. In case of P1 all rods share the same letters, which means mean 
IPTs obtained from the four rods are not significantly different.  
 












Comparison of mean (t-test)  
Rod 
A B C D 
P1 0.32     0.065        0 0.275 0.086 K K K K 
P2 0.32     0.070      0.04 0.274 0.056 K S S KS 









Fig.4.6. Variability chart for paste thickness measured 
using the four plastic rods. 
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The experiment time was chronologically recorded to evaluate the effect of the 
time-dependent paste properties on IPT variability. In addition, the IPT measured was 
analyzed with respect to time using statistical techniques. In general, P1 has the highest 
time dependent variability. The reason for high variability in P1 is due to its time-
dependent stiffening nature. The superplasticizer in P1 increases the paste flowability 
initially due to high shearing rate. Once the shearing action is eased, the paste starts to 
stiffen or lose its workability. The loss in workability is clearly seen with the time 
dependent increase in IPT, Fig.4.7. The fitted regression line (IPT = 0.15 +0.008 T) has 
(R
2
 = 0.87). According to the analysis of variance measurement time has a significant 
effect on IPT of P1 (p-value < 0.0001). The effect of time on P2’s IPT is also significant 
(P-value 0.0037), but the trend in P1 and in P2 is quite different. P2 shows a time-
dependent reduction of IPT due to the effects of the retarder.   
  
  



















Fig. 4.7. Time dependent effect of paste type on IPT measurement, chronologically 
arranged paste thicknesses measurements for paste type P1 and P2 
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Paste-adhesion ability and Actual Paste Thickness (APT) 
 
The paste adhesion ability is characterized from the mass gained by the SSD 
aggregates when coated with the cement paste. The equivalent actual paste thickness 
(APT) is determined using the mass again and the paste density as per equation 2. The 





/kg and 0.718 m
2
/kg, respectively. Example of specific surface area calculations are 
presented in equation 4 through 6. The results of the paste-adhesion and the APT are 
tabulated in Table 3.  Individual and averages of the paste-adhesion from the three 
different size aggregates are also provided. Based on this data, the effect of w/c and SP 
dosage on the paste-adhesion ability is analyzed.  The APT is also correlated with IPT.  
 
The specific surface area of the aggregates is calculated by assuming equal 
distribution of aggregates between the two sieve sizes which define that particular 
aggregate gradation. For instance, the gradation for Size A aggregate, which  is between 
0.5”(12.7mm) sieve and on 3/8” (9.5mm) sieve. Therefore, the specific surface area is 
calculated as:  









/kg     [4.4] 









/kg   [4.5] 
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/kg ------ [6] 
 
The following are the important points that can be inferred from the results of APT 
measurement:  
1. Both w/c and SP dosage have a significant effect on the adhesion ability of 
cement pastes.  An increase in w/c leads to a decrease in adhesion ability. 
Similarly, any increase in SP dosage beyond the initial SP dose decreases the 
adhesion ability of the paste.  
2. The effect of aggregate size on paste adhesion is significant. This effect can be 
viewed in two terms, mass gain by the aggregate and APT.  
a. In terms of mass gain by the aggregates, the finer the aggregate the higher 
will be the paste mass gain per unit mass of aggregate. For instance, for 
the paste with w/c 0.23 and SP dose of 0.325, the mass gain is 22%, 32.8% 
and 51% respectively for aggregate Type A, Type B and Type C 
aggregates. Type C aggregate, which is the smallest in size, has the 
highest paste adhesion.  Fig. 4.8 shows the effect of aggregate size on 
paste adhesion. Aggregate C, the smallest gradation has the highest mass 
gain, which is significantly different from the other two aggregate sizes.  
b. In terms of film thickness, the largest aggregate developed the largest 
APT. When we converted the paste adhesion in the previous example to 
equivalent paste thickness, we could get paste thicknesses of 0.47 mm, 
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0.31 mm and 0.32 mm respectively for Size A, Size B, Size C aggregates. 
Though the mass gain by Size A aggregate was the least, in terms of paste 
thickness (IPT) it is the highest.   Fig. 4.9 shows the effect of aggregate 
size on paste film thickness. Aggregate Size A, which is the largest 
aggregate, developed the highest film thickness in all type of pastes. The 
paste thickness obtained from Size B and Size C aggregates are almost 
similar and the curves from the two aggregates overlap.  
3. Fig. 10 shows how relationship between IPT and APT could be established. The 
relationship between IPT and APT is dependent on the w/c ratio.  This 
relationship can be used to determine paste input parameters needed to obtain the 













Fig 4.8:  Paste adhesion % by mass of SSD aggregate; this image 
shows the effect of aggregates size on paste adhesion. 
  








Fig 4.9. .Effect of aggregate size on actual paste thickness, size B the 
green dotted line and Size C, the blue solid line are overlapping. 
  











Effect of aggregate surface condition on Actual Paste Thickness 
The effect of aggregates surface condition on paste APT is significant. Aggregate 
surface condition includes, surface texture, shape and moisture content. These types of 
properties are highly dependent on the source of the aggregate. For instance, smooth river 
aggregates can retain fewer amounts of paste compared to the rough angular 
manufactured aggregates. In this work, the effect of aggregate source property is 
evaluated using a fractional factorial experiment, with three aggregate sources and one 
paste type. The three aggregates used in this study were obtained from three different 
suppliers. Though, all the three aggregates are manufactured aggregates, they possess 
very distinct surface texture, see Fig.4 11.  
One-half fraction of two replicate measurements were taken on four different 
aggregate sizes obtained from each aggregate source. Therefore, a total of 12 experiments 
 
  Fig 4.10: Correlation between ideal and actual paste thicknesses 
w/c = 0.23 : y = 2.48x - 0.32 
R² = 0.96 
w/c = 0.27: y = 3.26x - 0.36 
R² = 0.98 
w/c = 0.32:  y = 3.37x - 0.17 
R² = 0.96 
w/c =  0.37: y = 3.14x - 0.13 
















w/c = 0.37 
w/c = 0.23 
w/c = 0.27 
w/c = 0.32 
  
 80   
 
were performed.   General observation of the experimental results shows that the 
aggregate source can have a significant effect on APT, see Fig 4.12. However, according 
to the one-way ANOVA, the effect of the aggregate source on APT is statistically 
insignificant (P-value 0.3021), particularly for the aggregates considered in this study. 
According to the t-test the mean APTs obtained from the three aggregates are not 

















Fig 11. Image of three different aggregate sources used for the studying the effect of 
aggregate surface condition  
  










Application of film-forming ability in mixture proportioning of PCPC 
Paste film-forming ability can be used as a parameter during mixture 
proportioning of PCPC. It can be used to select the right type of paste suitable for 
producing workable PCPC. The following procedures describe how paste film-forming 
ability can be used as a parameter in mixture proportioning. 
1. During the mixture proportioning process the total aggregate mass and the total 
paste volume required for a unit volume of PCPC are determined. If the aggregate 
gradation is known the total aggregate surface area can be calculated.  
2. Using the total paste volume and the total aggregate surface area, the required 
stable paste thickness (RPT) will be calculated.  
 
Fig 4.12. One-way ANOVA of APT with three different aggregate sources 
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            (  )
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3. RPT is the required minimum stable film thickness on the aggregate surface. 
Therefore, depending on the desired workability, the paste type (film-forming 




)   = 1450 kg 
Aggregate gradation     = #89 
Aggregate void content    = 42 %  
Aggregate specific surface area (m
2
/kg) = 0.92 
Total surface area (m
2
)   = 1576 
Design void content (m
3
)   = 0.2 
Paste volume: (m
3
)    = 0.22 
RPT:      = 0.14mm 
Therefore, based on this thickness, the best type will be selected. To select paste 
type, the RPT will be taken as APT. Then, using the APT, the IPT shall be determined 
from Fig. 10. Then, using the value of IPT from Fig. 10, the SP dosage and w/c ratio can 
be determined. In this case the IPT will also be around 0.15 mm. Then, using Fig. 4, 
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Paste Flow Properties 
General  
The test results of the Marsh Cone flow time, Mini slump spread, IPT and paste-
adhesion and APT are presented in Table 4.6.  
 
 


















0.325 80 2.24 0.69 32.6 
0.375 130 2.25 0.24 22.6 
0.425 145 2.25 0.19 19.0 
0.475 185 2.24 0.15 14.2 
 
0.27 
0.175 85 2.17 1.09 32.4 
0.225 125 2.17 0.27 17.9 
0.275 120 2.19 0.15 14.2 
0.325 205 2.17 0.07 10.9 
0.32 
0.100 85 2.10 1.07 29.0 
0.150 90 2.11 0.53 19.1 
0.200 165 2.11 0.13 9.5 
0.250 240 2.09 0.07 9.5 
 
0.37 
0.025 85 2.01 0.88 20.1 
0.075 105 2.03 0.66 19.2 
0.125 140 2.01 0.22 11.6 
0.175 150 2.02 0.13 11.5 
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Marsh Cone Flow   
The flowability of the pastes was studied by using Marsh cone and Mini slump 
tests.  The marsh cone flow time curves at different SP dosages are shown in Fig 4.13 a. 
These flow curves show the reduction in flow time and the increase in the fluidity of the 
paste as the SP dosage increases. From this plot it is also possible to observe the increase 
in flow time of the paste as the w/c decreases.  This is demonstrated by the up and right 
shift of the flow curves observed as the w/c ratio decreases. The other important 
information is how flowability and film forming potential can be correlated. This is 
shown by plotting the IPT with respect to flow time (Fig. 4.13b). From this figure one 
can observe the sensitivity of the film forming property to the increase in paste fluidity. 
The sensitivity is high in case of high w/c ratios, where the slope of the curve is steep. In 
high w/c ratio, slight increase of SP dosage can cause drastic loss of the paste film 
forming potential. As a result the paste drain down potential (dripping off from the 
aggregate surface) is higher when high w/c ratio pastes (w/c > 0.3) are used with SP. 
Comparatively low w/c ratio pastes (w/c < 0.27) have less sensitivity to SP dosage 
increases and paste fluidity increases.  
The other important information that can be obtained from these figures is the 
relative fluidity of the pastes. The relative fluidity of the pastes can be analyzed from two 
perspectives. The relative fluidity of the cement pastes increases as the w/c ratio 
increases. Similarly, the relative fluidity increases as the SP dosage increase. The 
increase in relative fluidity at a particular w/c can cause reduction of paste thickness. 
However, the increase in relative fluidity across w/c ratios doesn’t affect the pastes. 
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Pastes with different w/c ratios (different flow time) have shown similar trends of film 
formation. Therefore, the important factor is the relative fluidity of the paste within a 
particular w/c ratio. 
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Mini Slump Spread 
In addition to the Marsh cone test, the mini slump test has been used to 
characterize the flowability of the pastes studied. The mini slump test characterizes 
several useful properties of flowable paste. First it determines the level of flowability of 
the paste. Experience shows that a minimum of 80 mm mini slump spread is required for 
a pre blended paste to be successfully mixed with aggregate. When the mini slump of the 
paste is less than 80mm, handling (pouring and mixing assuming two stage mixing 
processes) the paste will be difficult. In this case the mix will tend to produce lumps of 
paste due to improper mixing. In contrast, when the mini slump spread is high enough 
(>120 mm) the paste will have adequate fluidity and it becomes easier for handling. This 
kind of paste can be easily poured and it can also coat the aggregate successfully. 
However, the film forming property of the paste decreases as the mini slump spread 
increases. Therefore, it is important to satisfy both flowability and film forming 
properties during paste selection.  
Correlation has been established between the measured paste thickness and the 
mini slump spread. In all ranges of w/c ratios the mini slump spread has perfectly 
correlated with the measured paste thickness. Fig. 4.14 shows the trend between the two 
parameters. The power model fit the data more appropriately than other curve fitting 
methods, with R
2
 value of 0.92. The equation shown is applicable for all w/c ratios 





















4.5  Conclusion  
 Based on this study, the following conclusions can be drawn: 
This research introduced the concept of paste film-forming ability as a parameter for 
mixture proportioning of pervious concrete. It also showed how the film-forming ability 
can be characterized and how it can be used during mixture proportioning. The following 
statements summarize main findings of this work.  
 
Fig. 14:  Relationship between paste film-forming ability, (in terms of 
paste thickness) and paste flowability (in terms of mini slump spread) at 
different w/c ratios. 
y = 32279x-2.423 
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1. Paste film-forming ability and paste-adhesion ability could be characterized based 
on the procedure developed in this work. Ideal paste thickness (IPT) characterizes 
the ability of cement paste to form stable film on smooth vertical surfaces. In this 
study ultra-high molecular weight (UHMW) plastic rods are used to characterize 
the IPT. The IPT can be used as standardize test procedure to measure the film-
forming ability of cement pastes. The paste adhesion test -actual paste thickness 
(APT) - characterizes the ability of cement paste to form stable film on a pervious 
concrete aggregate surface. In this work the APT was determined using saturated 
surface dried (SSD) aggregates. However, this test can also be used to 
characterize the adhesion of cement pastes on aggregate with different surface and 
moisture conditions.  
2. At low w/c ratios, the fluidity and film-forming ability of cement paste are highly 
dependent on the amount and type of superplasticizer used. Traditionally (from a 
trial-and-error approach),   it is difficult to determine the right admixture dosage 
required for producing a workable pervious concrete (PCPC). However, the test 
methods developed in this work could be used to determine the appropriate 
admixture dosage; required for developing a paste with adequate flowability and 
film stability (paste-drain down resistance).   
3. The effect of aggregate size on paste-film forming ability is significant. Small 
aggregates have high paste adhesion (hold more paste per mass of aggregate) than 
large-size aggregates. However, in terms of paste thickness, the paste film 
 
 90   
 
thickness on large aggregate size is higher than the paste film thickness that forms 
on smaller size aggregates.  
4. The ideal paste thickness measured using plastic rods can be used to predict the 
actual paste thickness that can be formed on the aggregate surface during PCPC 
production. Estimating the paste thickness can be useful for determining the 
maximum amount of paste that can be added to PCPC mix without causing paste 
drain-down and clogging. Four different size plastic rods were used for this test. 
However, Rod C (½”) size rod has given consistent result, with less variability 
and closer to the overall mean.  
5. SP dosage has to be carefully determined in order to get adequate film forming 
property and simultaneously sufficient fluidity. Increase of SP dosage above the 
optimum dose will result in reduction of paste thickness.  
6. In the study, the cement pastes were designed to have flowability and film-
forming ability in a certain acceptable range for PCPC application.  If the 
rheology of the cement paste is optimized for a particular application, it is 
possible to produce successful pervious concrete mixes from a wide range of w/c 
ratios. An increase in a w/c ratio can cause a reduction of film-forming ability. 
Accordingly, it is always important to consider the required paste film thickness 
(RPT) before selecting the w/c ratio, admixture type and admixture dose for 
PCPC application. The RPT depends on the mix paste volume; aggregates size, 
surface area, and surface texture.  
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7. The Marsh cone test can be used to characterize the relative fluidity of the paste 
and the mini slump test can be used to predict the film-forming ability.  
4.6 Acknowledgement 
The authors would like to acknowledge the support and facilities provided by the 
Glenn Department of Civil Engineering at Clemson University.   
 
 
 92   
 
4.7 References: 
[1] ACI 522 Committee, “ACI 522 R-10 Report on pervious concrete.” 2010. 
[2] V. R. Schaefer, K. Wang, M. T. Suleiman, and J. T. Kevern, “Mix Design 
Development for Pervious Concrete in Cold Weather Climates,” Transp. 
Research Board (TRD), Report No. 2006-01, Feb. 2006, Ace No. 01024445.  
[3] Haselbach, Liv. "Pervious concrete and mitigation of the urban heat island effect." 
In Transportation Research Board 88th Annual Meeting, no. 09-0098. 2009. 
[4] N. Neithalath, A. Marolf, J. Weiss, and J. Olek, “Modeling the Influence of Pore 
Structure on the Acoustic Absorption of Enhanced Porosity Concrete,” J. Adv. 
Concr. Technol., vol. 3, no. 1, pp. 29–40, 2005 
[5] N. Ghafoori and S. Dutta, “Development of No-Fines Concrete Pavement 
Applications,” J. Transp. Eng., vol. 121, no. 3, pp. 283–288, 1995 
[6] D. Fisher, “Troubleshooting Pervious Concrete - Pervious Concrete,” Concrete 
Construction, Jan-2012. 
[7] P. Chindaprasirt, S. Hatanaka, T. Chareerat, N. Mishima, and Y. Yuasa, “Cement 
paste characteristics and porous concrete properties,” Constr. Build. Mater., 
vol. 22, no. 5, pp. 894–901, May 2008. 
[8] J. Kevern, V. Schaefer, and K. Wang, “Evaluation of Pervious Concrete 
Workability Using Gyratory Compaction,” J. Mater. Civ. Eng., vol. 21, no. 12, 
pp. 764–770, 2009. 
[9] NRMCA, “proportioning pervious concrete mixtures.” nrmca 2009. 
[10] Kevern, John T., Vernon R. Schaefer, and Kejin Wang. "Mixture proportion 
development and performance evaluation of pervious concrete for overlay 
applications." ACI Materials Journal 108, no. 4 (2011). 
[11] C. Jayasree, J. M. Krishnan, and R. Gettu, “Influence of superplasticizer on the non-
Newtonian characteristics of cement paste,” Mater. Struct., vol. 44, no. 5, pp. 
929–942, Jun. 2011. 
[12] R. Gettu, P. C. C. Gomes, L. Agullo, and A. Josa, “High-strength self-compacting 
concrete with fly ash: development and utilization,” ACI Spec. Publ., vol. 221, 
2004. 
 
 93   
 
[13] P.-C. Aïtcin, High Performance Concrete. CRC Press, 2011. 
[14] L. Agullo, B. Toralles-Carbonari, R. Gettu, and A. Aguado, “Fluidity of cement 
pastes with mineral admixtures and superplasticizer—a study based on the 
Marsh cone test,” Mater. Struct., vol. 32, no. 7, pp. 479–485, 1999. 
[15] L. Svermova, M. Sonebi, and P. J. Bartos, “Influence of mix proportions on 
rheology of cement grouts containing limestone powder,” Cem. Concr. 
Compos., vol. 25, no. 7, pp. 737–749, 2003. 
[16] L. G. Li and A. K. H. Kwan, “Mortar design based on water film thickness,” 
Constr. Build. Mater., vol. 25, no. 5, pp. 2381–2390, 2011. 
[17] R. P. Chapuis and P.-P. Legare, “A simple method for determining the surface area 
of fine aggregates and fillers in bituminous mixtures,” Eff. Aggreg. Miner. Fill. 
Asph. Mix. Perform. ASTM STP, vol. 1147, pp. 177–186, 1992. 
[18] P. R. Rangaraju, J. Olek, and S. Diamond, “An investigation into the influence of 
inter-aggregate spacing and the extent of the ITZ on properties of Portland 




 94   
 
CHAPTER 5 
STATISTICAL APPROACH FOR CHARACTERIZING 
INDIVIDUAL AND INTERACTION EFFECT OF 
MULTIPLE CHEMICAL ADMIXTURES ON PERVIOUS 
CONCRETE PASTE 
This paper is formatted for submission to Construction and Building Materials Journal  
Betiglu E. Jimma, Graduate Student a,* 
Prasada Rao Rangaraju, Associate Professor a 
a Glenn Department of Civil Engineering,  
Clemson University, Clemson, SC-29631, 
 
5.1 Abstract: 
Production of good-quality portland cement pervious concrete (PCPC) often requires 
utilization of at least two or three chemical admixtures. Several types of admixtures, 
including superplasticizers (SP), viscosity modifying admixtures (VMA), and retarding 
admixtures (RE) are commonly used in PCPC along with other mineral admixtures. In 
today’s market, different brands of these admixtures are widely available. However, 
selecting the right type of admixture and determining the appropriate dosage often 
requires several trials. This paper presents how individual and combination of SP, VMA 
and RE could influence the important pervious concrete paste properties. The paste 
properties evaluated include flowability, film-forming ability (which measures paste 
stability) and film-drying time (which measures workability retention). This work also 
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shows how the Box-Behnken response surface design can be used to characterize these 
effects based on a reasonable amount of data points.  
5.2 Introduction 
The chemical admixture system used in portland cement pervious concrete (PCPC) 
incorporates various types of products, which have different functions. Chemical 
admixtures such as superplasticizers (SP), Viscosity Modifiers (VMA) and Set Retarders 
(RE) are frequently used in PCPC either individually or in combination [1]. SP is used to 
create flow, particularly in a low w/c ratio mixes. VMA is used to stabilize the paste and 
prevent paste-drainage, and RE is used to improve the working time [1].  Most producers 
in the US use at least one or two chemical admixture in PCPC mixtures[2]. The purpose 
of using multiple chemical admixtures in PCPC is to gain control on the rheology of the 
mixture. For instance, SP and VMA can be used in combination to create a workable mix 
which has good flowability as well as adequate paste stability. Similarly, RE can be used 
in combination of either SP or VMA to improve the working time[3].  
At the moment, the market segment of concrete admixtures is growing all over the 
world[4]. As a result, different brands and types of chemical admixtures are immerging to 
the market. The varieties of chemical admixtures are also becoming widely diversified. 
Since the performance of a chemical admixtures system varies from product to product, it 
is impossible to generalize about admixtures performance based on a single experiment. 
Therefore, it is necessary to establish a systematic approach for evaluating the individual 
and interaction effect of chemical admixtures.  Traditional methods of admixtures dose 
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determination are based on random trial-and-error approach. This approach of changing 
one variable at a time is a complicated  and time consuming technique[5]. Design of 
experiments is a statistical technique, which can be used for optimization of such multiple 
variables. The advantage of this technique is in minimizing the number of trials while 
achieving desired properties and establishing an optimized mixture for  given 
constraints[6].   
In the past, statistical techniques are widely used for characterizing the effect of 
admixtures on cement grout and cement pastes for SCC applications[7]–[9]. It is also 
important to introduce these techniques for PCPC applications. Therefore, the purpose of 
this work is to introduce these methods for characterizing PCPC paste. PCPC is usually 
produced in a wide range of water to cement ratio w/c (0.26-0.4)[10, p. 522]; the paste 
content varies from 15% to 30% by volume of concrete depending on the desired void 
content[11]. Based on the aggregate size selected, the surface area of the aggregate can be 
widely variable. Therefore, every PCPC mixture needs a unique paste composition that 
satisfies the film-forming ability and flowability requirements. Mathematical models, 
once they are appropriately established, can be used to select the right dose of admixtures 
in this kind of situation. This work shows how the Box-Heineken statistical models can 
be used to characterize the individual and interaction effect of chemical admixtures. The 
properties characterized include the film-forming ability and the flowability of the paste. 
Additionally, a new test method for characterizing paste film-drying time is introduced.    
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5.3 Design of Experiments  
Response surface methodology (RSM) is a collection of statistical and 
mathematical techniques that can be used to describe the relationship between variables 
and how these relationships affect the responses.   This methodology is useful to optimize 
processes, to develop new products and to improve existing products. The most extensive 
applications of RSM are in the industrial world - where several input variables potentially 
influence some performance measure or quality characteristic of products [12]. The 
objectives of obtaining a response surface are: 1. To locate a feasible treatment 
combinations for which the mean response is maximized; 2. To estimate the response 
surface in the vicinity of this good location or region; 3 To determine through hypothesis 
testing, the significance of the factors whose levels are represented by variables[13].  
Application of RSM for optimization of cement based mixtures is a commonly used 
technique [9], [14].  
Several types of response surface experimental design methods are available. 
Typical examples include: Full-Factorial Design (FFD), Central-Composite Design 
(CCD) and Box-Behkhen design (BBD) [12]. CCD and BBD are the most commonly 
used experimental design procedures for a quadratic response surface model[12], [14], 
[15]. Both CCD and BBD can potentially be used for experiments with three or more 
factors. However the BBD procedure is much more advantageous when compared to the 
CCD [12], [15].  First, the BBD design offers greater advantages of having three evenly 
spaced levels. Second, it helps in avoiding extremely low (below zero, which is 
impractical) or extremely high dosage (beyond the practical limit) as in case of CCD 
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design. Third, spherical nature of the BBD, combined with its rotatable or nearly 
rotatable design helps to run limited center points[12].  
Therefore, in this work, BBD is used to study the individual and interaction effect 
of the three chemical admixtures (SP, VMA, RE) on pervious concrete paste. In this 
study, a total of eighteen experimental data points (admixture combinations) are 
evaluated. Out of these fifteen are randomly distributed data points (twelve levels of 
factors and three center points). The remaining three are points of verification of the 
model. The randomly arranged fifteen experimental data points and the three verification 
points with their three experimental levels (low, medium and high) are presented in Table 
5.1. The w/c ratio used for this experiment is 0.32. This w/c ratio is the average of the 
acceptable range of w/c ratios for P (w/c 0.27 -0.37) [10]. 
Three levels of admixtures are selected based on a preliminary experiment. These 
experiments accounted the function of each admixture. For instance, the purpose of SP in 
low w/c paste is to create workability, similarly the VMA is used to maintain paste 
stability and RE is added to control the setting and film-drying time. Therefore, when the 
preliminary experiments were conducted the minimum and maximum levels of SP is 
determined based on the flowability and film-forming ability of the paste. The minimum 
SP dose is the dose that gave adequate flowability to the paste providing pourable 
consistency. The maximum SP dosage is the SP dosage that decreases the Ideal Paste 
Thickness (IPT) below 100 micrometers. In the same way, the minimum and maximum 
VMA doses are determined based on the levels of the SP. The RE doses are kept within 
the range recommended by the manufacture.  The minimum and maximum admixture 
dose used in this study can be used as a starting point for similar experiments at w/c of 
0.32.   
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 Table 5.1. Mixture proportions of the fifteen experimental data points and 
three verification points of the cement pastes studied. 
 
              
Admixture dosage % solid 
by weight of cement  
  Experimental levels (Dosage of admixtures)   SP VMA RE 
  Low (-1) 0.120 0.004 0.020 
  Medium (0) 0.170 0.008 0.050 
  High  (1) 0.220 0.012 0.080 
              
























+0+ 1 0 1 0.32 1500 12.45 2.00 3.69 
−−0 -1 -1 0 0.32 1500 6.79 1.00 2.31 
−+0 -1 1 0 0.32 1500 6.79 3.00 2.31 
000 0 0 0 0.32 1500 9.62 2.00 2.31 
(++0) 1 1 0 0.32 1500 9.62 2.00 2.31 
0+− 0 1 -1 0.32 1500 9.62 3.00 0.92 
0++ 0 1 1 0.32 1500 9.62 3.00 3.69 
000 0 0 0 0.32 1500 9.62 2.00 2.31 
+−0 1 -1 0 0.32 1500 12.45 1.00 2.31 
+0− 1 0 -1 0.32 1500 12.45 2.00 0.92 
0−− 0 -1 -1 0.32 1500 9.62 1.00 0.92 
−0− -1 0 -1 0.32 1500 6.79 2.00 0.92 
000 0 0 0 0.32 1500 9.62 2.00 2.31 
0−+ 0 -1 1 0.32 1500 9.62 1.00 3.69 
















        
  
        w/c Cement SP VMA RE 
POV1       0.32 1500 10.02 1.25 1.85 
POV2        0.32 1500 7.99 2.08 2.31 
POV3       0.32 1500 6.91 2.03 2.31 
β - The pattern indicates the level of each admixture in that particular mix. (+) 
indicates high level, (0)- medium level and (-) low level.  
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5.4 Materials Proportions and Methods  
Materials  
The cement pastes investigated in this study were prepared with Type I portland 
cement that meets ASTM C150 specification. The chemical and physical properties of 
the cement are given in Table 5.2. The chemical admixtures are supplied by Sika 
Construction Products. The SP used is a polycarboxylic based product confirming to 
ASTM C-494 Type A and Type F requirements. The VMA used is a propylene glycol 
based liquid product confirming to ASTM C-494 Type S requirements, and the RE is 
carbohydrate based solution confirming to ASTM C-494 Type B and Type D. The solid 
content and other properties of the three admixtures are presented in Table 5.3.  
Table 5.2. Chemical Composition of Portland 
Cement  







Loss on ignition (%) 1.1 
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The pastes were prepared in a Hobart mixer (1/6 hp) with a B flat beater at a low 
speed (with shaft speed of 139 rpm and planetary speed of 61 rpm). Initially, the cement 
and all the water were mixed for 1 minute. Then the machine is stopped, and the sides of 
the mixer bowl were scraped (for 15 -30 seconds).  Next, the SP was added and mixed for 
another one minute. Again, the mixer is stopped, and the RE is added and mixed for 
another one minute; finally, the VMA was added and mixed for one minute.  
Mini Slump Test 
The mini-slump test was used to study the flow behavior of the pastes. The cone 
used has a truncated shape, with height = 57 mm, bottom diameter = 38 mm and top 
diameter = 19 mm. Once the cone is filled with cement paste, it is gently lifted up by 
allowing the cement paste to drain down and spread. Finally, the spread diameter is 
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measured in two orthogonal directions and average of the two readings is taken as the 
spread diameter[16], [17]. 
Ideal Paste Thickness (IPT) 
Ideal paste thickness (IPT) characterizes the film-forming ability of cement pastes 
on a smooth vertical plastic surface. The IPT is characterized using the test method 
developed by Betiglu et al. [17]. The plastic rod used for this test is 12.7mm (0.5”). In 
general, five steps are involved in this process: (1). The plastic rod was pre-wetted and 
surface dried with a wet towel to prevent any potential absorption; then initial weight was 
taken. (2). Immediately, after mixing, half liter paste was poured into a one liter capacity 
jug, which has a diameter of 150mm (6”) and height of 200 mm (8”), then the plastic rod 
was immersed into it. (3). The immersed rod was rotated manually for 25 revolutions 
within 11-13 seconds to simulate actual mixing. (4). Then the rod was taken out slowly 
within 2 seconds and held vertically on a support until the paste stopped to drip off from 
the surface of the rod. (5). Finally, the loose paste at the end of the rod was trimmed, and 
the weight of the rod and the coated length were recorded. Then the weight gain by the 
rod is converted to equivalent paste thickness using the geometry of the rod and density 
of the paste.  
 Actual Paste Thickness (APT) 
Actual paste thickness (APT) measures the ability of cement paste to form a 
stable film on aggregate surfaces. The APT was measured according to the procedure 
outlined in previous studies [17]. The aggregate used for this test was a blend of three 
different sizes: 10% of Size A, 70% size B, and 20% of Size C. Size A is passing ½” 
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(12.7 mm) sieve - retained on 3/8” (9.5 mm). Size B is passing 3/8” (9.5 mm) sieve – 
retained on #4 (4.75 mm) and Size C is Passing # 4 (4.75 mm) sieve – retained on #8 
(2.36 mm) sieve. The gradation satisfies specification requirements for #89 aggregate 
(ASTM C33) – one of the commonly used gradation for PCPC.   
The test procedure involves the following: (1) 100 grams of dry aggregate was 
mixed in a bowel with 100 grams of paste by stirring manually with a trowel for 60 
seconds. (2) The paste-aggregate mixture was drained over #16 (1.18 mm) sieve by 
spreading it gently and waiting for 2 minutes until the free paste completely drains off. 
(3) The drained aggregate was transferred to an empty pan, and the weight gain by the 
aggregates was determined.  (4) The percentage of paste (% by mass of the aggregate) 
was converted to equivalent paste thickness using the density of the paste and the 







    [5.1]    
Where, Where, ρp is the paste density (g/cc), S(d) is the surface area of the 
aggregate in m
2






         [5.2]  
The Specific surface area of the aggregate used for this study is= 0.554 m2/kg 
which is the combination of the three different aggregate sizes, (10% Size A, 70% Size B 
and 10% Size C). Average density of the pastes is 2.07 g/cc. Paste density is dependent 
on w/c ratio and the density of cement paste with w/c of 0.32 is 2.07[18].   
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Paste Film-drying Time (FDT)  
The setting and hardening behavior of PCPC is quite unique. Unlike conventional 
concrete, a PCPC mix can dry-out within few minutes after discharged from a mixer. 
This is due to the high exposed surface area and thin paste-film thickness[19]. Rapid 
drying-out of paste shortens the working time, leads to poor bonding of the aggregates, 
and causes low raveling resistance. The rate of film drying (due to evaporation and/or 
hydration) can be influenced by various factors. Ambient conditions, such as temperature 
and relative humidity are two of the factors.  Besides the ambient conditions, film drying 
time (FDT) can be influenced by the composition of the paste. The type of cement, the 
w/c ratio, presence of supplementary cementitious materials (SCM) and the addition of 
chemical admixture can influence the FDT. Particularly, chemical admixture can 
potentially influence the FDT of cement pastes. The purpose of this test is to investigate 
the effect of paste thickness and the three chemical admixtures on the film-drying time of 
PCPC, under a constant state of ambient conditions.  
The device used for measuring film-drying time is made from a high density 
plastic plate with three circular holes of diameter of 1”(25.4mm) and depths of 0.3mm, 
0.6mm and 1mm respectively for each hole, see Fig. 5.1. The paste films were formed 
within the holes by adding and spreading a weighed amount of paste within the circular 
area. Then the time required for this thin layer to dry-out is recorded using a video 
camera. The step by step procedure is as follows: 
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a) A video camera was prepared to record the top surface of the paste coated plate. 
The plate was positioned so that the surface gets white-light reflection, which 
creates a shiny surface on liquid paste. 
b) The plastic plate was prepared by wiping it off with dump cloth. 
c) Paste with mass of 0.3 gram, 0.6 gram and 1 gram is poured respectively into each 
hole with depth of 0.3 mm, 0.6mm and 1mm.  The paste was poured using a 
pipette..  
d) The plastic plate is vibrated on table vibrator for 20 seconds to create smooth 
level surface. 
e) When the shine surface of the paste became dull, the video recording is stopped. 
f) The video is later analyzed to determine the time required for the paste to lose the 
shiny surface since the beginning of the pours. This time is taken as the FDT of 
the paste. 
g) All measurements are conducted in an indoor room condition with constant 
temperature and relative humidity (RH). There is no variation in the ambient 











                  
a)         b)  
            
  c)        d)  
Fig.5.1 Film drying time measuring experiment. a) Plastic plate with 
circular groves, b) shining paste film 2 min after formation,  c) 0.3 mm thick paste 
showing a sign of drying 8:00 min after formation and d) 0.3 mm thick paste 
completely dried and 0.6 mm thick paste at the final stage of drying 15:00 min 
after pour.  
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5.5 Results and Discussion  
Statistical Models  
In practical application it is necessary to develop an approximating model for the 
relationship between variables (admixtures dose) and the responses (IPT, APT, and 
FDT).  Statistical models are multiple regression equations developed based on the 
observed data and are useful for describing the response surfaces. Statistical models are 
also useful predicting future responses [12]. To develop and refine the models for the 
response surfaces, several statistical analyses are performed using JMP statistical 
software.  The statistical analyses performed include: analysis of variance, T-test and 
Lack of fit test (F-test). The results of the experiment are summarized in Table 5.5 below.  
Analysis of variance was used to test the significance of the model, and t-tests 
were performed to identify the significant and the non-significant parameters[13]. The 
model coefficients were calculated from the regression analysis. The probability value (p-
value) was determined based on the result of the analysis. The P-value determines the 
statistical significance of the main factors and their interactions. P-value limit of 0.05 was 
used for identifying the significant factor in the model. Coefficient of determination (R
2
) 
is used to evaluate how well the data fit the models. Higher values of R
2 
(> 0.8) show 
good correlation between predicted and experimental results[8].  Additionally, the lack of 
fit test (F-test) was performed to evaluate if the model fit the data adequately; significant 
level α of 0.05 was used to reject or accept the hypothesis regarding lack of fit. For p-
value less than 0.05, the null hypothesis is rejected by concluding: “There is lack of linear 
fit” at 95% confidence level[12].  
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The models used for this design were a second-order response surface models 
expressed in terms of the three independent variables (SP, VMA and RE) as: 
                                                   
    
       
      
                     
 [5.3] 
Where   denotes the overall mean; coefficients     represent model constants 
(contribution of the individual admixtures, their interaction or the squared terms); the first 
three parameter represents the first order effect of the three admixtures, the middle three 
parameters the interaction effect and the last three parameters the second order effects, 
and   is the error of the model.  
The following are the models derived for ideal paste thickness (IPT), actual paste 
thickness (APT), mini slump, film drying time (FDT). 
    (  )                                     
                [5.4]  
    (  )                                                     
[5.5] 
           (  )                                        
                                      [5.6] 
                        ( )        [5.7] 
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Table 5.4. Result of  the paste study experiment  






























+0+ 0.17 0.14 135 17.5 
−−0 0.31 0.51 100 16.5 
−+0 0.5 0.72 77 15.3 
000 0.21 0.17 125 21 
(++0) 0.22 0.287 113 18 
0+− 0.19 0.26 114 13.5 
0++ 0.36 0.8 85 21.2 
000 0.19 0.22 124 17 
+−0 0.15 0.12 160 22 
+0− 0.17 0.15 123 14.75 
0−− 0.15 0.12 146 12 
−0− 0.34 0.26 115 12.8 
000 0.19 0.19 126 16.5 
0−+ 0.16 0.12 148 16.1 
















          
























POV 1 0.13 0.12 0.15 0.17 142 145 16.2 13.65 
POV 2 0.33 0.36 0.27 0.3 112 111 - 13.5 
POV 3 0.43 0.43 0.43 0.29 105 105 17.4 16 
*Predicted, λMeasured  
 
The analysis of variance, the R-squared and adjusted R-squared of the model, the 
estimates for each model parameter, the t-test for each model parameter are given in 
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Table 5. The analysis of variance test is used to check the overall significance of the 
model parameters. The R-squared and adjusted R-squared show how close the data are to 
the fitted regression line[13]. The adjusted R-squared is a modified version of R-squared 
that has been adjusted for the number of predictors in the model[12]. It is always smaller 
than R-squared, and it helps us to compare models with a different number of predictors. 
When a new predictor is added to a model the R-squared increases by a default. 
However, if the added predictor is not meaningfully important to the model, the adjusted 
R-squared decreases significantly.  But, if the predictor contributes well to the model, the 
adjusted R-squared will not be different from the R-squared[12]. This means the 
regression that has large difference between R-squared and adjusted R-squared contains 
parameters that are less contributing to the model.  
The accuracy of the proposed model was determined by comparing predicted-to-
measured values obtained from three randomly selected mixes. Residual plots for each 
model are also provided in Fig. 5.2. The residual plot validates the model and its 
assumptions[13]. Using residual plots it is possible to assess whether the observed errors 
(residuals) are unforeseeable: Error is the difference between the projected value and the 
observed value. For an appropriate statistical model, the difference between the predicted 
and observed values must be unpredictable. In other words, none of the 
explanatory/predictive information should be in the error[20]. The residuals, as plotted 
with the predicted values, should not be either systematically high or low; the residuals 
should be centered on zero through the range of fitted values. Similarly, the residual plots 
of IPT, APT, FDT, and mini-slump show that the errors in their respective model are 
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normally distributed. This shows that the models for these parameters are capturing all 
the deterministic portions[12].    








Time (FDT)  
  R
2
 = 0.95 R
2
 = 0.99 R
2
 = 0.94 R
2
 = 0.60 
  R
2
Adj = 0.87 R
2
Adj = 0.98 R
2
Adj = 0.84 R
2
Adj = -0.12 
  
Lack of Fit Lack of Fit Lack of Fit Lack of Fit 
(Prob > F) = 
0.0556   
(Prob > F) = 
0.3061   
(Prob > F) = 
0.0072   
(Prob > F) = 













Intercept 0.205 0.0069 0.200 <.0001 122.82 <.0001 17.71 0.0002 
SP -0.186 0.0021 -0.111 <.0001 18.92 0.003 0.70 NS 
VMA 0.150 0.0036 0.063 <.0001 -20.63 0.0014 0.18 NS 
RE 0.129 0.0138 0.038 0.0023 -6.93 NS 2.63 NS 
SP*VMA -0.011 NS -0.030 0.0124 -6.00 NS -0.70 NS 
SP*RE -0.017 NS 0.016 NS -2.11 NS 0.46 NS 
VMA*RE 0.135 0.0219 0.040 0.0038 -7.75 NS 0.90 NS 
SP*SP 0.061 NS 0.063 0.0007 -5.68 NS -0.90 NS 
VMA*VMA 0.152 0.0186 0.034 0.0096 -6.27 NS 0.80 NS 
RE*RE -0.040 NS -0.021 NS 8.33 NS -2.46 NS 










   
(a)             (b) 
     
(c)             (d) 
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Response surface and contour plot of the proposed model 
The response surfaces and contour plots for IPT, APT, FDT and mini-slump were 
generated from the regression models. All the response surfaces have shown curvature 
because of the effect of interaction and second-order effects. Detail about the response 
surface of each model is provided in the following section.  
 Ideal Paste Thickness (IPT): 
The most significant parameters that control the IPT of the pastes are shown in 
equation 4. All the three admixtures used in this study significantly affected the IPT. As 
shown in Table 5, the IPT is influenced by SP, VMA, RE, VMA*RE and VMA
2
. The SP 
has the highest influence on the IPT (-0.19); the negative coefficient of SP shows the 
reduction of IPT due to an increase in SP dosage (indirectly the reduction of SP dosage 
increases the IPT by a factor of 0.19 for every % of SP) (Svermova, Sonebi, & Bartos, 
2003). The effect of both VMA and RE on IPT is also very significant. The contribution 
of VMA to IPT is higher than the contribution of RE (0.15 vs. 0.13); a 1 % increase in 
VMA dosage increased the IPT by a factor of 0.15. RE is technically unexpected to affect 
the IPT, but the RE used in this study has a significant effect on the IPT.  Fig. 5.3a shows 
the response surfaces for IPT at different levels of SP and VMA. The curvature in 
Fig.5.3a is due to the second-order effect of both VMA and SP. The effect of VMA
2
 is 
statistically significant, and is presented in the model (equation 4). Fig. 5.3b shows the 
effect of both VMA and RE at constant SP (0.17%).   
Contour plots like the one shown in Fig.5.3a and Fig.5. 3b can be used to select 
admixture dosage during mixture proportioning for a desired IPT. For instance, if the 
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mixture proportioning requires an IPT of 0.2 mm, the admixtures combination that gives 
0.2mm IPT can be selected from the contour plot. As an illustration, for this typical paste 
thickness, the following admixtures combination (SP = 0.1544%, VMA = 0.00648% and 
RE = 0.05%) could be selected, which is the black dost in Fig. 5.3a. Similarly, other 
admixture combinations could be selected along the 0.2 mm IPT contour line. 
  
 







Fig. 5.3. Response surface of ideal paste thickness, IPT (mm): (a) 
with SP vs VMA at 0.05% of Retarder, (b) with VMA vs RE at 
0.017% of SP. The values of the admixtures in the graphs indicate 
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 Actual Paste Thickness (APT) 
The actual paste thickness (APT) characterizes the amount of paste film that 
adheres on the aggregate’s surfaces. APT is highly dependent on the rheology of the 
paste, particularly its response to mixing and its interaction with aggregate’s surfaces. 
Though paste rheology is the main factors considered in this study, there are several other 
factors that can influence the APT. Some of these factors include surface texture, 
moisture content, and gradation. To eliminate the effect of these factors, the type, 
moisture content and gradation of the aggregate used for the study is kept uniform. 
Therefore, the effects seen in the results of APT are only due to the effect of the 
admixtures on paste rheology.    
From the three admixtures perspective, the factors that could significantly affect 
the actual thickness of the pastes are: SP, VMA, RE, SP*SP, SP*VMA, VMA*RE, 
VMA*VMA are in their order of significance. In general, the SP has the highest effect on 
APT (-0.111), followed VMA (0.063) and RE (0.038). Fig. 5.4a shows the response 
surface of APT with SP level from 0.125% to 0.2% and VMA from 0.004% to 0.012%.  
APT decreases as the SP increases and increases as the VMA increase. The curvature of 
the response surface is due to second-order effects (SP*SP and VMA*VMA) and 
interaction effect (SP*VMA). Similarly Fig. 5.4b, show the response surface of APT at 
different levels of VMA (0.004% to 0.012%) and RE (0. 02% to 0.08%). The effect of 
VMA on APT is much greater than the effect of RE. The APT is consistently on the rise 
as the VMA increase. There is a positive change on APT due to RE, but the increase is 
not as appreciable when compared with the increase from VMA.   
 







Fig. 5.4. Response surface of actual paste thickness, APT (mm): (a) with SP vs 
VMA at 0.05% of RE, (b) with RE vs VMA at 0.012% of SP. The values of the 
admixtures in the graphs indicate the % of the solid component of each 
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Mini-slump Spread  
Mini-slump spread is mainly influenced by SP and VMA as reported in previous 
studies [8], [9], [16].  The results from this study also show similar trend and the most 
significant factors that affected the mini slump are the SP and the VMA. The RE and the 
other model parameters, such as the second-order effects and the interactions did not 
significantly affect the mini-slump. The VMA has the highest influence on the mini-
slump spread with coefficient -20.63. This means every 1% increase in VMA cause 
reduction of the mini-slump spread by a factor of 20.63. Similarly, the SP contributes to 
the mini-slump with a factor of 18.92. The contour plots in Fig. 5.5a show the effect of 
the SP and the VMA on the mini-slump. There is a tremendous reduction in the mini-
slump as the doses of VMA increases from 0.004   to 0.012 at a constant SP. In the same 
way, there is a consequential increase in the mini-slump spread as the SP dose increases 
with without changing the VMA.  Fig. 5.5b shows the effect of RE on the mini-slump 
and there is no considerable increases or decrease in the mini-slump spread as the RE 
dose increases.  
Fig. 5.5a also shows how pastes with a particular flow can be produced by 
continuously adjusting the SP along with the VMA. For instance, a paste with a mini-
slump spread of a 110 mm can be produced at lower doses of SP (0.130%) and VMA 
(0.006%) or similarly at higher doses of SP (0.2%) and VMA (0.011%). Though the mini 
slump along the 110mm contour line is constant, other properties of the paste produced at 
different combinations of SP -VMA may not be the same. One major difference between 
a paste produced from lower SP - VMA combinations, and a paste produced from higher 
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SP-VMA combination is the response of the paste to energy. Usually, the high SP-VMA 
combination possesses a thixotropic property which enables it to respond to shear when 
mixed at a higher rate. This is very essential for PCPC pastes for easy discharge of the 
mix out of the truck. Once the mix is discharged and placed the increase in the paste 
viscosity at low shear rate will stabilize the paste and prevent paste drain-down. 
 







Fig 5.5. Response surface of mini-slump (mm): (a) SP vs. 
VMA with 0.05% RE, (b) SP vs RE with 0.008% VMA. The 
values of the admixtures in the graphs indicate the % of the solid 
component of each admixture by weight of cement.  
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Film drying time (FDT) 
The film-drying time (FDT) of cement paste is a new a paste parameter 
introduced in this study. The unique nature of PCPC requires this type of test method to 
understand the workability-related properties. Fig. 5.7 shows time-lapped pictures of 
workable PCPC taken at different times. As the time increases from 0 min (right after 
mixing) to 2 Min, 6 Min, 10 Min and 15 Min, the color of the mix changes showing the 
drying of the paste film. The FDT of an exposed PCPC surface is very short compared to 
the traditional setting time of cement. Depending on paste thickness and paste type, 
PCPC can dry-out rapidly within 3 to 4 min. When the paste dries-out so quickly, the 
aggregate particles cannot bond well together and the surface of the pavement will be 
subjected to rapid raveling.  
The effect of chemical admixtures on FDT could be studied from the test 
performed. The statistical analysis of the data shows that the effect of chemical 
admixtures on FDT is insignificant. The analysis of variance (ANOVA) of the model has 
very high p-value (0.617) showing the insignificance of the model parameters (the 
admixtures and their combinations) on  FDT. However, the response surface plot in 
Fig.5. 6 shows a trend in the FDT of the 0.6mm thick film. The FDT increased as the RE 
dosage increased, along the RE dosage, from 12 Min to 18 Min as the RE dosage 
increases from 0.02% to 0.08%.  
The effect of paste thickness on FDT is also studied in this experiment. Film-
thickness has the highest influence on FDT    The ANOVA of Paste Thickness has very 
low p-value (<0.0001) showing the high significance of paste thickness (A, B C) on the 
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film-drying time. Fig 5.7 shows the mean of each paste thickness (A= 0.3mm, B = 
0.6mm, C = 1.0mm) and the overall mean of the three paste thickness.  The Blue 
Diamond shapes mean line (mean diamond) shows the overall mean of each paste 
thickness, the upper limit and the lower limit of the FDT. Most PCPC mixtures have very 
low film thickness (<0.4 mm), and  it is important to carryout finishing work in right 
away after  placement to avoid drying- out of the paste film, which is exposed to ambient 
conditions. The FDT measured in this study shows the rate of drying at indoor condition -
where the room temperature is averaged from 23 to 25 degree Celsius and relative 
humidity (RH) between 50 to 60%. Field performances are expected to differ from this 
time measurement depending on the APT, aggregate conditions and ambient conditions, 
such as RH, temperature and wind speed.  
  
 






Fig 5.6. Response surface of film drying time, FDT (sec) with: (a) SP 
vs. RE and VMA 0.008%. The values of the admixtures in the graph 
indicate the % of the solid component of each admixture by weight of 
cement. 
 














Fig. 5.7.  Distribution of FDT at different film thicknesses: A (0.3mm), B 
(0.6mm), and C (1.0mm) 
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Evaluating Multiple responses 
The different response surfaces discussed earlier showed how the three 
admixtures could influence individual responses. When it comes to application, choosing 
a paste for PCPC requires optimization of all paste properties.  Optimizing more than one 
property requires construction of combined response surfaces that show all the responses. 
Fig. 5.8 shows combined response surfaces of APT and mini-slump as used for selecting 
admixtures for the model verification points (POV1). The desired APT for POV1 was 
0.15 mm; so to choose the right doses of SP, VMA and RE that give 0.15 mm APT and 
optimum flowability, it is necessary to evaluate the combined properties at different input 
parameters.  
The detail of admixture dose determination is described based on the example 
provided in Fig. 5.8. The green shaded area on the right side of the 0.15 mm APT contour 
line is the area that has APT less than 0.15 mm. The APT countour has spacing of 0.15 
mm.  The blue shaded area is the response surface of a mini-slump, with mini-slump flow 
of 140 mm or less The countour for mini-slump has spacing of 15cm. If we follow the 
0.15 mm APT contour line, the mini-slump flow varies along that line. The smallest flow 
point is at point A, where the mini-slump is around 130mm; the highest flow is at point B 
(where VMA is minimum), with a mini-slump of 145 mm. Therefore, since the purpose 
is to produce a paste that has optimum flowability with APT 0.15 mm, the admixtures 
dosage (SP = 0.177%, VMA =0.005% and RE = 0.040%) is selected (point B). Finally, 
based on this dose, the paste produced had IPT of 0.12mm, APT 0.17 mm, mini-slump 
145mm, and FDT 14min as predicted in the model.     
 

























Fig. 5.8. Multiple response surfaces: response surface of APT and mini-
slump used for selecting admixture dosage for a particular application. The 
values of the admixtures in the graph indicate the % of the solid 
component of each admixture by weight of cement. 
 
 127   
 
5.6 Conclusion  
The objective of this research was to show how design of experiments can be used 
to optimize the flowability, film-forming ability, and film-drying time of Portland cement 
pervious concrete (PCPC) paste. This kind of optimized model can be used to select 
admixture doses for a particular application. It also eliminates the need for conducting 
several trial runs. For instance, using this technique a pervious concrete producer can 
easily control the mix workability in a day today production even if the aggregate 
gradation, paste volume, aggregate surface texture and aggregate moisture condition 
changes.  
Based on the results presented in this paper, the following conclusions can be 
drawn regarding the effect of the three chemical admixtures: Superplasticizer (SP), 
Viscosity Modifying Admixture (VMA) and Retarder (RE). These conclusions may not 
directly be applied to other types of admixture products than the one particularly used in 
this experiment – this is because performance and properties of chemical admixtures 
could vary from product to product. However, the general trend can be taken as starting 
reference for trial tests.  
(1) The Ideal Paste thickness (IPT) and actual paste thickness (APT) are significantly 
influenced by all the three admixtures (SP, VMA and RE). In addition to the main effects, 
the interaction of VMA and RE has an influence on both IPT and APT.  
(2) The mini-slump is controlled by two of the admixtures, VMA and SP. The RE didn't 
have statistically significant influence on the mini-slump. The effect of the admixtures 
interaction on the mini-slump is insignificant.  
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(3) The film-drying time (FDT) seems uninfluenced by the type and dosage of the three 
admixtures. None of the admixtures or their combinations showed statistical significance. 
However, as expected when the RE dose increases the film drying time increases. The 
most important factor that affected the FDT is the film-thickness. FDT is proportional to 
the thickness of the paste. The thinner the paste the faster was the drying time regardless 
of the amount of retarding admixture used. Therefore, it is always important to complete 
finishing during construction of PCPC right after placement to avoid rapid drying and 
loss of bond at the top surface of the pavement.    
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 CHAPTER 6 
AGGREGATE OPTIMIZATION FOR PERVIOUS 
CONCRETE MIXTURES 
 Introduction  6.1
Aggregates are the most significant components of portland cement pervious 
concrete (PCPC). Aggregates occupy approximately 50 to 65% of PCPC mixture volume 
and their properties significantly influence the plastic and hardened properties of PCPC 
mixtures. For instance, aggregate surface area controls the paste thickness and the 
workability of the mix. The amount and distribution of voids in the aggregate matrix also 
determine the permeability and porosity of the pervious concrete.  Similarly, the strength 
of aggregates affects the mechanical properties of pervious concrete.  
 Selection of Aggregates for Pervious concrete   6.2
There are certain aggregate sizes commonly used in pervious concrete (Tennis, 
Leming, & Akers, 2004). The selection of size is usually based on availability and the 
desired surface texture. According to a preliminary study conducted most producers in 
North and South Carolina use aggregates that meet ASTM C 33 gradations of #78, #89 
and #789.  Some producers also use 10-15% of sand to improve the mechanical property 
of the mix (Jimma & Rangaraju, 2014). 
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To evaluate the performance of the new mixture proportioning method proposed 
in this research, suitable aggregates are selected based on aggregate optimization 
techniques.  The aggregate properties are optimized using simplex centroid statistical 
design method. This  technique has been successfully used previously for optimization of 
pervious concrete aggregates (Neptune, 2013).  
 Optimization of pervious concrete aggregates using simplex 6.3
centroid design 
In this study, four different aggregate gradations were optimized using simplex 
centroid design.  Simplex centroid design is a statistical method that can be used to 
optimize mixture experiments. In simplex centroid design, selected data points are 
evaluated and once these points are evaluated the entire region can be studied by fitting 
regression models (Myers and Montgomery, 1995). In this study, twenty-one mixtures 
(data points) were tested to fit the model for the responses.  The data points include eight 
axial points (2 replicates), three replicate center points, and ten individual edge points.  
Table 6.2 presents the data points with the results for this design; detailed description of 
simplex centroid design is available in literature (Myers and Montgomery, 1995). The 
properties (responses) considered during the optimization process include: unit weight, 
void content, surface area and pore-diameter.  
Mathematical models are regression equations that describe the relationship 
between variables and the responses.  Mathematical models have two main applications.  
First, they can predict a response based on given value of input variables.  Second, they 
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can determine the values of variables for a desired response.  The latter application was 
sought in this study. 
 Designing pervious concrete with predetermined composition (void, paste and 
aggregate contents) requires selection of aggregate with a particular void content. For 
instance, to design a PCPC mix, which has 20% void, 20% paste and 60% aggregate, it is 
necessary to find an aggregate with 40% void content.  However, it may not be possible 
to find an aggregate with exact 40% void content in a stockpile.  Therefore, blending 
different sizes of aggregate is necessary to create the aggregate with the desired void 
content.  Blending aggregates by a trial-and-error approach can be a time-consuming and 
uneconomical process. In contrast, mathematical models give quick and reliable blend 
based on few trials. 
For the PCPC mixes studied in this investigation (chapter 8), aggregates with void 
content ranging from 30% to 42.5% were desired.  Therefore, it was necessary to develop 
mathematical models to generate optimized region for selecting void content.  
Accordingly, the aggregate composition required for the twenty-two mixes were 
determined based on the experimental models developed in this study.  
The four aggregates sizes used in the design are named as follows for easy 
identification:  
Size A: passing through 12.7 mm [½ in.] sieve -retained on 9.5 mm [3/8 in.] sieve.  
Size B:  passing through 9.5 mm [3/8 in] sieve – retained on 4.75 mm [#4] sieve  
Size C: passing through 4.75 mm [#4] sieve – retained on 2.36 mm [#8 ] sieve, and  
Size S:  sand passing through #4 sieve and retained on #150 sieve.  
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The three coarse aggregates Size A, Size B, and Size C were supplied by Vulcan 
Materials from Liberty Quarry in Liberty, SC. The specific gravity (BSG) of these 
aggregate is 2.64 and water absorption of 0.80%, and the LA abrasion loss of 57%. The 
sand used in this study is from Glasscock pit in Sumter, SC.  This sand has a bulk specific 
gravity of 2.65 and absorption of 0.20%.  Table 6.1 provides the particle size distribution 















Table 6.1 Particle size distribution of sand 
Sieve size %  Passing 
#4 (4.75 mm) 99.8 
#8 (2.36 mm) 97.1 
#16 (1.18 mm) 82.0 
#30 (0.6 mm) 41.9 
#50 (0.3 mm) 14.0 
#100 (0.15 mm) 0.6 
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  Important Properties of Pervious concrete aggregates  6.4
PCPC has unique aggregate requirements which are different from conventional 
concrete.  One of these requirements is high void content. The PCPC matrix needs to 
accommodate a large amount of voids to allow the formation of inter-connected pores.  In 
general, the following are the important properties of pervious concrete aggregates 
characterized in this study: 
1) Void Content  
2) Unit weight  
3) Surface area 
4) Pore-diameter  
Unit-Weight  
The unit weight of the aggregates was determined according to the procedure in 
ASTM C29. The unit weight is the main parameter used to calculate the void content.  
 Void Content 
The void content of the aggregates was determined according to ASTM C29. The void 
content of Size A, Size B and Size C aggregates ranged from 39% to 44%. By blending 
these three sizes together and by adding sand (S) the void content could be reduced to 
28%. Though the lowest void content is undesirable in pervious concrete, the addition of 
sand and reduction of porosity is sometimes required to produce mixes with high 
aggregate content.   
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Surface Area 
The surface area of the aggregates was determined using the approximated 
equation suggested by Chapuis and Legare (Chapuis & Legare, 1992). The equation used 
for specific surface area calculation is shown in equation 6.1.  This equation assumes the 






               6.1 
Pore-diameter  
Pore-diameter is a concept introduced in this work, as an additional parameter for 
charactering pervious concrete aggregates.  The concept of pore-diameter estimates the 
average size of the voids in the aggregate matrix. This type of pore-diameter calculation 
considers that the void in aggregate matrix as cylindrical tubes.  It also assumes that the 
surface area of the voids to be equivalent to the surface area of the aggregates (Katz & 
Thompson, 1986). Having these two assumptions the pore-diameter can be determined 
based on the geometry of a cylinder.  The ratio of the surface area to volume of a cylinder 
is 4. Then by calculating the surface area and the volume of the voids, the pore diameter 
can be determined from the void content and surface of the aggregate.  
                                           (    )   /D  6.2 
                                                  6.3 
Volume of pores = porosity in the aggregate  
              
   
  
      6.4 
Where:  V- is void content of the aggregates (m
3
) 
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 Experimental Results  6.5
The experimental data points for simplex centroid design and the result of the experiment 
are provided in Table 6.2. The experimental results are analyzed using JMP pro 11 
statistical analysis software (“JMP Pro 11,” 2013). The result of this analysis are 
presented in the following sections.  
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CS 0.00 0.00 0.50 0.50 34.0 6192 1745 0.22 
 
ABCS 0.25 0.25 0.25 0.25 32.4 3490 1787 0.37 
 
ABCS 0.25 0.25 0.25 0.25 32.8 3471 1777 0.38 
 
ABCS 0.25 0.25 0.25 0.25 32.8 3471 1777 0.38 
 
C 0.00 0.00 1.00 0.00 44.4 1408 1468 1.26 
 
C 0.00 0.00 1.00 0.00 43.2 1438 1499 1.20 
 
AS 0.50 0.00 0.00 0.50 28.4 6037 1893 0.19 
 
BC 0.00 0.50 0.50 0.00 41.4 1111 1547 1.49 
 
ABC 0.33 0.33 0.33 0.00 39.3 894 1603 1.76 
 
ABS 0.33 0.33 0.00 0.33 29.6 4257 1863 0.28 
 
AB 0.50 0.50 0.00 0.00 40.1 566 1585 2.83 
 
BS 0.00 0.50 0.00 0.50 30.6 6075 1836 0.20 
 
B 0.00 1.00 0.00 0.00 42.9 719 1507 2.39 
 
B 0.00 1.00 0.00 0.00 42.3 726 1523 2.33 
 
ACS 0.33 0.00 0.33 0.33 30.8 4477 1831 0.28 
 
A 1.00 0.00 0.00 0.00 40.0 377 1585 4.24 
 
A 1.00 0.00 0.00 0.00 40.2 376 1580 4.27 
 
AC 0.50 0.00 0.50 0.00 38.6 970 1621 1.59 
 
BCS 0.00 0.33 0.33 0.33 33.3 4457 1765 0.30 
 
S 0.00 0.00 0.00 1.00 37.1 10209 1663 0.15 
 
S 0.00 0.00 0.00 1.00 37.8 10113 1647 0.15 
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Experimental Data Analysis  
Table 6.3 presents the summarized results of the experimental data analysis. The 
model parameters and their estimate for each response are provided. The significance of a 
parameter on a response can be determined from p-values provided from t-test. For the 
best model selected, the coefficient of determination (R
2
), adjusted coefficient of 
determination (Adj. R
2
) and lack of fit tests are provided.  
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Table 6.3 Results of statistical data analysis for aggregate optimization  
 Void Content Unit Weight Surface Area Pore diameter 
 R
2




 = 0.99 R
2
 = 0.99 
 R
2 
Adj. = 0.99 R
2 
Adj. = 0.99 R
2 
Adj. = 0.99 R
2 
Adj. = 0.99 
 Lack of Fit 
(Prob > F) = 
0.5635   
Lack of Fit 
(Prob > F) = 
 0.4533   
Lack of Fit 
(Prob > F) = 
0.1221   
Lack of Fit 
(Prob > F) = 















A (3/8”) 40.1 <.0001 1483 <.0001 381 <.0001 4.26 <.0001 
B (#4) 42.6 <.0001 1582 <.0001 723 <.0001 2.36 <.0001 
C(3/8”) 43.8 <.0001 1515 <.0001 1427 <.0001 1.23 <.0001 
S(Sand) 37.5 <.0001 1483 <.0001 10164 <.0001 0.15 <.0001 
A*B -4.9 0.0263 1655 0.0183 NS 0.729 -1.91 <.0001 
A*C -13.7 <.0001 140 <.0001 NS 0.3401 -4.62 <.0001 
B*C   -7.1 0.0039 359 0.0041 NS 0.3901 -1.22 <.0001 
A*S -42.2 <.0001 186 <.0001 2984 <.0001 -8.04 <.0001 
B*S -38.0 <.0001 1117 <.0001 2568 <.0001 -4.20 <.0001 
C*S -27.2 <.0001 1013 <.0001 1511 <.0001 -1.87 <.0001 
A*B*S NS 0.161 NS 0.1680 -4273 0.0053 -11.36 <.0001 






A*B*C NI  NI  NI  NI  
A*C*S NI  NI  NI  NI  
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Construction of Mathematical Model  
The model for void content, surface area, unit-weight and pore-diameter can be 
obtained from the regression analysis presented in table 6.3. Equation 6.5 provides 
sample model for the void continent.  This model is the sum of the product of the 
estimates multiplied by the values of the parameters. All the significant terms in the 
regression for void content are included in this equation.  
                                                      
                               6.5 
Evaluating Multiple Responses  
Void content is the main aggregate parameter used in mixture proportioning of 
PCPC. Besides void content, other aggregate parameters such as unit weight, surface area 
and pore-diameter can influence the performance of the mix. Therefore, it is important to 
evaluate multiple properties such as, void content, surface area and pore-diameter, while 
selecting aggregates for pervious concrete.  As a general principle, for a given void 
content, it is always desirable to select an aggregate that has low surface area and high 
pore-diameter. 
 The best way to evaluate multiple properties is by plotting all the responses in a 
single response surface. Sample response surface plots of void content and pore-diameter 
is shown in Fig 6.1.  This plot is made by fixing the sand content at 10%. In this example, 
the target void content is 36%, which is shown on the red contour line. The orange 
surface shows the area above and below 36% void content. The blue contour plots are for 
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pore diameter.  The pore diameter increases from right to left as the ratio of Size A and 
Size B increase.  The blue shaded area shows the aggregate combinations that have a 
pore-diameter less than 1.5 mm.  If we assume 1.5 mm is our minimum target pore-
diameter,  we need to choose data points  outside the blue region.  The combinations that 
satisfy the 36% void content, and 1.5 mm pore-diameter requirements are located outside 
the blue region inside black circular rings.   
For instance, if we pick a combination from this region with 38.5%, 46.4%, 5.1% 
and 10% respectively for A, B, C and S; it gives a blend with unit weight 1693 kg/m
3
, 




.  This 
blend satisfies both the void content and pore-diameter requirements. This is the 
procedure followed to select the aggregate’s composition for the twenty-two PCPC mixes 
presented in chapter 8.  
  
 





Fig. 6. 1 Multiple response surface plot for void content, % (red line) and 
pore-diameter, mm (blue line) 
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 Conclusion 6.6
This study demonstrated the utilization of simplex centroid design to select the 
optimum combination of four different aggregates for PCPC applications. Mathematical 
models are developed based on twenty-one experimental data points. The results obtained 
from this study could be used to select aggregate’s combinations for different PCPC 
mixtures.  The accuracy of the models was verified by comparing the actual values with 
the predicted values.  These models are very accurate for the aggregates used in this 
study; however, aggregates with different source and gradation may require additional 
study.  
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CHAPTER 7 
DEVELOPMENT AND EVALUATION OF PERVIOUS 
CONCRETE WORKABILITY CHARACTERIZING DEVICES 
7.1 Introduction  
Portland cement pervious concrete (PCPC) mixture contains a large amount of 
aggregates (typically 50-65%) by volume, a limited amount of paste (15-30%), and high 
percentage of air voids (15-35%) compared to conventional portland cement concrete 
mixtures.  These mixture compositions give PCPC unique properties both in the fresh and 
hardened state. Currently, there exists certain workability issues associated with PCPC 
mixtures. Some of these issues include a requirement of longer mixing time, difficulty of 
mix discharging out of the truck drum, difficulty of mix flowing down truck chute, 
difficulties in placing and finishing (Jimma and Rangaraju)  
To address these workability issues in the mix design stage as well as during 
production, it is necessary to have proper workability characterizing tools. Slump test, the 
most common concrete workability test, fails to provide meaningful information on 
workability of pervious concrete 201 Meanwhile, visual inspection is the widely 
practiced method of workability test in the industry (NRMCA,2009). Visual inspection is 
a reliable technique for experienced professionals. However, it does not provide a 
measureable metric that can be used among different parties, such as engineers, 
architects, contractors and producers. Therefore, in this study, two devices are developed 
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to characterize the workability of pervious concrete.  These devices are: portable direct 
shear testing machine (J-shear), and tilting chute test method (U-slump). The workability 
of different previous concrete mixes was characterized using these devices, and reliable 
information has been obtained.  
7.2 Definition of pervious concrete workability  
Workability of pervious concrete can have different meanings to different parties 
in the industry. For concrete supplying companies workability means ability to quickly 
mix and discharge from the truck, easy flow from chute and paste stability that will 
reduce the drain down. Similarly, for the contractor, workability is the ability to spread, 
compact and finish easily.  Fig. 7.1 summarizes the most common workability 
requirements of PCPC.  Since each property is different, it is very difficult to characterize 
all these properties using one device.  Hence, development of more than one workability-









Fig 7.1 Common pervious concrete workability requirements 
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The two devices developed in this research characterize different aspects of 
workability. The J-shear device measures the shear resistance of the PCPC mixes. The 
shear resistance describes the spreadability of the concrete.  U-slump simulates the 
flowability of the mix in the chute of a ready-mix concrete truck. This test determines 
whether a given mix possesses the required flowability for easy discharging from a 
concrete truck. 
7.3 U-Slump Test 
U-slump is a simple device developed to characterize the flowability of pervious 
concrete mixes.  It characterizes the ability of fresh pervious concrete to flow-down a 
ready mix truck chute.  The device measures the smallest angle at which the mix flows as 
a continuous stream down the chute.  This test can also be used as qualitative test for 
evaluating the type of flow the mix exhibits, weather it is continuous or discontinuous.  
Fig. 7.2 shows the different components of the U-slump device.  It has three parts 
a plastic chute, flow-stopping block, and a tilting rack.  All parts of the device are custom 
made in our own laboratory.  The chute is made from a semi-circular plastic cylinder, 
which has a diameter of 150 mm [6in], height of 300 mm [12 in.], and thickness of 2.0 
mm [0.08 in]. It also has a wooden support, which has flat side that rests on the rack and 
curved side designed to fit the geometry of the chute.  One end of the chute is open, and 
the other end is closed. The stopping block has similar geometry with the chute,  and it is 
made from plastic half cylinder. The tilting rack is made from two wooden boards. The 
upper board has length 45 cm [18 in.], width 20 cm [8 in.], and thickness 2.5 cm [1 in]. 
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The lower board has length 41 cm [16.5 in.], width [8 in.], and thickness [1 in.] . The two 
boards are joined in one end with two hinges so that the upper board rotates relative to 
the lower board. The two boards are also connected with a screw system that moves the 
upper board relative to the lower board.  







The test procedure is as follows: 1000 gram of freshly mixed PCPC is placed at 
the closed end of the cylinder, without applying compaction force. Then the sample is 
held supported by the stopping block so that it can hold the shape of the chute. Then the 
device with the PCPC sample is placed and secured on the tilting rack.  Once the device 
is placed on the rack, the stopping block is slowly removed.  If the mix is workable, it 
will displace from its upright position and flow under its own weight; however, if the mix 
is of low workability, it will not flow and retain the original shape.  Finally, the rack is 
tilted slowly starting from an initial angle of 5 degrees.  At some steeper angle the mix 
will start to flow.   
 Two types of information are obtained from this test. The first is the angle at 
which the sample flows and reaches the tip of the chute.  The second is the type of flow, 
 
Fig. 7.2 U-slump test, A- PCPC mix on blocked chute, B-stopping block 
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whether it is uniform and continuous, or non-uniform and interrupted. This is judged 
visually based on the type of flow that the mix shows.   
Interpreting the U-slump Results  
The flowability of the PCPC mixture can be judged from the U-slump test results. 
The flow angle in conjunction with the visual ratings can be used to classify the 
flowability of fresh PCPC mixture as good, fair, and poor. The first step before 
interpreting the flow angle is evaluating the type of flow qualitatively. Usually the flow 
angle for workable pervious concrete mixes range from 23 degrees to 30 degrees. 
However, even if the flow angle for the mix is as low as 23 degree it cannot be 
considered flowable unless the flow is uniform and continuous. Therefore, the first step is 
evaluating the flowability qualitatively. Then once the mix is considered to have certain 
flowability, the workability can be rated as good, fair and poor based on the flow angle. 
Table 7.1 summarizes the U-slump interpretation criteria.  This table can be used as a 
reference for evaluating the workability of PCPC mixes using U-slump test.  
Table 7.1 Interpretation of U-slump test results 
Flow Visual Rating U-slump Angle PCPC Workability 
No initial displacement when the block 
removed, interrupted flow or sudden  fall 
Any angle 
Poor 
Redesign the mix 
Displaces by its own weight initially when 
the block is removed and flow uniformly 
to semi-uniformly as a continuum. 
Up to 25 degree Excellent 
26 – 28 degree Fair  
Above 28 degree Low 
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7.4 J-shear Test 
J-shear is a portable device developed to characterize the workability of fresh 
pervious concrete.  J-shear offers various advantages as a workability-characterizing 
device: it is small in size, lightweight and simplified working mechanism makes it a 
suitable device for both field and lab applications.  Fig. 7.3 shows the J-shear device.  
The device is composed of two vertically stacked plastic boxes, a plastic support frame, 
and a tilting table (rack) with angle measurement.  
 
The top box has an outer dimension of 14.5 cm x 14.5 cm x 9.5 cm [5.7 in. x 5.7 
in. x 3.7 in.] and the thickness of the wall is 19 mm [ 0.75 in.]. The bottom box has 
dimension of 14.5 cm 14.5 cm x 7 cm. The top box is supported by four frictionless 
bearings, which slide on two groves provided on the inside of the plastic frame. The 
plastic fame has outer dimensions of 35 cm x 20 cm x 17 cm [13.8 in. x 8 in. x 6.7 in.]. 
 
  (a)     (b) 
Fig 7.3 J-shear box, a) overall device set up, b) internal details 
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The top and bottom boxes can be locked in place using a special pin-lock provided in the 
lower box. 
The test procedure developed for determining the internal shear resistance of 
PCPC mixes is as follows:  
1. First the device is placed on a scale and the scale is set to zero. 
2.  Then 1600 g of the PCPC mix is dropped into the box assembly from a 
height of 200 mm.  
3. The device with the PCPC sample is placed on the tilting rack designed 
for this purpose. Description of the tilting rack is available in the previous section.  
At this stage, the angle of the rack is positioned to 5 degrees.  
4. Then, a 6 kg steel bar is placed on the top box as a ballast to create a 
shearing force.  
5. Then, the pin that holds the top box and the bottom box together is 
unlocked, and the rack is gradually tilted with a constant radial speed of 20 
degrees per minute.  The tilting of the rack is stopped when the top box displaces 
relative to the lower box by more than 30 mm.  
6. Finally, the tilting angle and the weight of the PCPC mix displaced by the 
top box is recorded. These two values are used to calculate the normal and he 
shearing stresses at failure. The experiment is repeated two additional times with 
PCPC sample weights of 2100 g and 2600 g. The purpose of varying the sample 
mass is to create different amount of normal and shear force in the sample.  
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Interpreting the J-shear Results  
J-shear test characterizes workability in two different ways, quantitatively and 
qualitatively. The qualitative test can be performed by measuring the angle at which the 
top box slides relative to the bottom box.  The shear angle can be used as a parameter for 
comparing different pervious concrete mixes. A good workable mix will shear in the J-
shear test at a smaller angle relative to a harsher mix.  Performing the qualitative test is 
simple and any technician can perform it after few minutes of training.  
The quantitative test involves measuring the shear resistance of fresh pervious 
concrete mixes. Measuring the shear resistance of pervious concrete is important for 
evaluating the spreadability of the mix. Spreadability represents the ease with which a 
mix can be placed and spread to a finishable surface. This property is one of the 
important workability properties, which commonly affects the productivity of the 
finishing crew and the quality of the finished concrete pavement surface.  
Spreadability  
Spreadability is an essential property to PCPC. The construction of pervious 
concrete pavement often involves placing and spreading of PCPC mix. The first 
spreading activity is often done manually using a rake or wooden board.  The force 
required to pull the rake depends on the workability of the mix. Workable mixes require 
less raking force; whereas, a harsh mixes require a lot of force, and can be strenuous on 
the workers.  The total force a finisher needs to pull the rake depends on the amount of 
material held by the rake, the angle of the rake, and the internal shear resistance of the 
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mix. If we model the mass of concrete being pulled by the rake as a rectangular block 
with dimensions of 500 mm x 300 mm x 50 mm [20 in. x 12 in. x 2 in] - as shown in Fig. 














Fig. 7.4.  Schematics of concrete rake and forces associated with the raking 
activity. 
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The pulling force required is calculated as follows: 
If we consider the sum of the horizontal forces just before failure, 
∑                      Therefore, P = C/Cos ϴ   7.1 
                7.2 
       = ᴦ +µ* Fn      7.3 
FN = ϒ*h       7.4 
Where, P = the pulling force  
  C = is the total resistance from the concrete sample (N) 
 P = the pulling force required to pull the rake  
  τR = Total internal shear resistance  
 A = The area of shear (0.5 m * 0.3 m)  
 ϒ = Loose unit of the concrete (kg/m3) 
 h = the height of the concrete mix (0.05 m) 
 FN =  Normal stress from self-weight of concrete  
 ᴦ = Internal cohesion force  
µ = coefficient of internal friction in the concrete mix 
 
Sample Calculation: 
Given: The following values are outputs from J-shear test 
 ϒ = Loose unit of the concrete (1500 kg/m
3
) 
 µ = 2.29 , Φ = 0.620  
Req = Force required to pull the rake (P) 
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Soln:  
FN = 1500 * 0.05 * 9.81 = 0.734 kN/m
2
 
τR = Total internal shear resistance = 0.734*2.29+0.62 = 2.30 kN/m
2
 
C = 2.30 * 0.5*0.3 = 0.345 kN.  
P = 0.345/cos 30 = 0.399 kN 
P = 0.399 *1000/9.81 = 40.6 kg 
Therefore, the total force required to spread the concrete for the given conditions 
is around 40.6 kg [89.5 lb].  In reality, the person raking the PCPC will adjust the depth 
of the rake to adjust the force required to pull within his/her means.  Also, a more 
workable PCPC mix will allow the worker to use less force to spread the mix. 
The concept of spreadability applied in compaction  
  The next construction activity after spreading is compaction.  PCPC mix is 
usually compacted using a roller screed.  The compaction and finishing efforts also 
involve some form of pushing and spreading.  Usually, during the rolling process, the 
roller pushes the material, which is cut off from the finished pavement surface.  The 
material that accumulates in front of the roller creates a resistance force against the 
progress of the roller.  The magnitude of this resistance force is equivalent to the total 
internal shear stress at the interface of the concrete mass and the pavement surface.  The 
resistance force from the concrete also determines the speed of paving, and the force 
required to pull the roller. Other factors that determine the force required include: the 
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weight of the roller, the torque from the motor, the surface friction between the roller and 
the pavement surface. These forces can be modeled as shown in Fig 7.5. 
 In general, if the shear strength of the PCPC mix is determined, it is possible to 
quantify the spreadability of the mix. To calculate the total shear strength of the PCPC 
mix, it is necessary to model the mass of concrete mix being pushed by the roller. 
Approximately, the mass of concrete can be modeled as a trapezoid 200 mm [8 in.] wide 
and 75 mm [3 in] high as shown in Fig 7.5.  The shear resistance from the concrete can 
















Fig. 7.5. Force model of concrete rolling operation 
 
 157   
 
Sample PCPC J-shear Test  
The J-shear test could be used to evaluate the internal shear resistance of different 
PCPC mixes. The shear resistance of freshly mixed PCPC is a function of the normal 
stress, coefficient of internal friction, and the force of cohesion. The normal stress is 
directly proportional to the self-weight of the concrete above the failure plane. 
The general relationship between normal stress and shear stress can be described 












τ = C+ σ*tanφ         7.5  
Where:  
 Τ = Shear resistance of the concrete (σ3, τ3) 
 
Fig. 7.6 Shear and normal stress relationship in direct shear test 
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 C = Cohesion  
 σ = Normal stress at the failure plane  
 tanφ = Coefficient of internal friction 
φ   h  sl p   f  h  l    
These properties can be determined from the J-shear test.  To determine these 
properties, three data points were used.  The shear and normal stress at each data point 
were calculated using equation 7.6 and 7.7. After determining the three data points for 
each mix, regression equations fitted and plotted as shown in Fig. 7.8.   
  The normal stress and the shear stress at the failure were obtained using the 
following equations.  The descriptions of the test system associated with these equations 
are provided in Fig 7.7 
 Normal Stress (σ) in kPa=  (          s  )      7.6 
 Shear Stress (τ ) in kPa =    
(      )          
 
    7.7 
 Where:  
  MT = Mass of the sample in the top box.  Usually MT is determined by 
measuring the weight of concrete displaced by the top box.   
  L = Load, in this case (6.0 kg) 
  B = Mass of the top box (1.54 kg)  
  ϴ = the sample shear angle in degree.  
















Fig 7.7 Schematic model of J-shear stress analysis 
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The plot of normal stress vs shear stress for three selected PCPC mixes are 
provided in Fig 7.8.  The regression equations are also provided with the plot. The video 














Evaluating the credibility of J-shear device 
To evaluate the reliability of the measurements obtained from the device and to 
compute the error in the test method, a repeatability test was conducted on plane 
aggregates.  The repeatability test involves performing 15 repeated measurements on 9.5 
mm [3/8 in] size aggregates. The data collected from this test is as shown in Table 7.2.  
 
Fig. 7.8 Sample PCPC mixture J-shear test result.  
 
 
WE 004  
y = 2.72x + 0.35 
R² = 0.99 
M007 
 y = 3.91x + 0.03 
R² = 0.99 
M012  
y = 1.86x + 0.35 























Normal Stress, KPa 
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The mass of aggregate used for this test was 2.0 kg. The additional load used to induce 



















In the above test, the coefficient of variation (COV) of the test was slightly high. 
However, we can conclude that the test is acceptable because the COV is within the 
acceptable range (< 15%).  
The accuracy of the device was evaluated by comparing the shear parameters 
obtained from the J-shear with shear parameters determined using the standard direct 
shear test (ASTM D3080).  One size of aggregates 2.36 mm [#8] was tested for this 
purpose. Fig 7.9 and Fig. 7.10 below show the shear strength parameters obtained by 
using the two devices.  
  
   Table 7.2: Repeatability test for J-shear workability device 
Measured 
Shear angle 
17, 28, 19, 17, 22, 18, 17, 19, 17.5 ,16.3 
,16.5, 20, 21.8, 23, 20 
  Mean shear angle  18.86 
 Std Dev 2.21 
 Std Err Mean 0.59 
 Upper 95% Mean 20.13 
 Lower 95% Mean 17.59 
 Coefficient of variation (%) 11.72 
 
























Fig. 7.9 Low-pressure direct shear test on #8 aggregate 
y = 1.58x 























Normal stress (kPa) 
Direct shear  test  # 8 Casey Aggregate  
Φ = 57.7o 
 
Fig 7.10 Relationship of normal stress and shear stress for #8 aggregate 
tested in J-shear device 
 
 
y = 1.4906x 





















Normal stress (kPa) 
J- shear  test  # 8 Casey Aggregate  
φ =56.1 
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The properties obtained using the cohesionless aggregate from the two tests (i.e. 
φ values of 56.1° and 57.7°) are comparable.  Therefore, based on the result of these tests 
we can conclude that J-shear device is an accurate device that can be used to determine 
the shear strength properties of aggregates and concrete.  
7.5 Conclusion 
In this chapter, the development and application of two new workability-
characterizing devices was described.  U-slump characterizes flowability and J-shear 
determines the shear strength properties of fresh PCPC mixes.  Both devices can be used 
as reliable devices for characterizing pervious concrete mixtures.  
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CHAPTER 8  
INTEGRATED MIXTURE PROPORTIONING FOR 
PERVIOUS CONCRETE  
8.1 Introduction  
In 1950, portland cement pervious concrete (PCPC) was introduced to the US 
construction industry as alternative building material. Consequently, the department of 
standards performed several studies to improve the mixture proportioning of PCPC.  
Later in 1970s and 1980s, PCPC became popular material for porous pavements. As the 
pavements-related applications grow, the National Ready Mixed  Concrete Association 
(NRMCA) performed a comprehensive research on PCPC mixture proportions 
(Meininger, 1988). The results of this study are still being used as guidelines for mixture 
proportioning of pervious concrete. Both the current ACI 522 and the NRMCA mixture 
proportioning methods were developed based on the findings of the study. 
Currently, ACI report on pervious concrete (ACI 522 R10) and the NRMCA 
guidelines for mixture proportioning of PCPC are the most up-to-date mixture 
proportioning guidelines available in the industry.  However, there are some important 
elements of mixture proportioning, which are not included in these procedures. 
Workability is the most important among these elements.  Therefore, it is important to 
develop a mixture proportioning procedure that incorporates workability considerations.  
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As shown in Fig 8.1. pervious concrete is a material that consists of three 
components: aggregates, cement paste, and air voids.  Functional PCPC mixes contain 
feasible combination of these components.  In any mix, the volumetric sum of the three 
components is equal to one. Based on literature, the feasible ranges of the three 
components are expected to be in the following ranges:  volume of aggregates - 45 to 65 
%; volume of paste - 10% to 35%, and the volume of voids - 15% to 35% (Chindaprasirt, 
Hatanaka, Chareerat, Mishima, & Yuasa, 2008; Deo & Neithalath, 2010; Ibrahim, 












Several studies in the past have developed different types of PCPC mixture 
proportions (Chindaprasirt et al., 2008; Keven, 2006; Meininger, 1988; Neithalath, 
Sumanasooriya, & Deo, 2010).  The main mixture proportioning techniques used in these 
 
Fig. 8.1.  Schematic representation of pervious concrete components 
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studies include controlling the paste volume, varying the aggregate-to-cement ratio, and 
varying the aggregate gradation. These studies show how individual variation of voids 
and paste and aggregate could affect the performance of pervious concrete. Nevertheless, 
since most of the studies were performed by varying only two components at a time; it is 
very difficult to capture the overall picture how the variation of the three components 
could affect the performance of PCPC. In addition, the main focus of these studies was 
mainly on permeability and mechanical performance; workability was rarely accounted.   
Therefore, in this study two new concepts of pervious concrete mixture 
proportioning are introduced.  The first concept is on developing a wide range of PCPC 
mixes systematically by controlling the volumetric ratio of the three components and 
exploring the entire feasible area with simplex centroid statistical design method. The 
second concept is developing a procedure to account for workability in mixture 
proportioning of PCPC using the idea of paste-film forming ability.  
  
 




The cement paste used in this study was prepared according to the procedure 
developed in previous study (Chapter 5). For detail information regarding the paste 
please refer the earlier chapters.  
The PCPC mixes were prepared with Type I portland cement that meets ASTM 
C150 specification. The chemical and physical properties of the cement are given in 
Table 8.1. The chemical admixtures are supplied by Sika Construction Products. The 
superplasticizer (SP) used is a polycarboxylic based product conforming to ASTM C494 
Type F admixture requirements. The viscosity modifying admixture (VMA) used is a 
propylene glycol based liquid product conforming to ASTM C494 Type S requirements, 
and the retarder (RE) is carbohydrate based solution conforming to ASTM C494 Type B 
admixture requirement. The solid content and other properties of the three admixtures are 
presented in Table 8.2.  
Table 8.1. Chemical Composition of Portland Cement  







Loss on ignition (%) 1.1 
Insoluble residue (%) 0.25 
 
 169   
 
 






















 The aggregate used for making the PCPC mixes were prepared by blending four 
different sizes.  Three sizes of coarse aggregates and a fine aggregate were blended to 
obtain the desired aggregate composition. A separate study was conducted to optimize 
the aggregate proportions using simplex centroid design (refer Chapter 6). The three 
coarse aggregates are from the same quarry with a specific gravity (BSG) of 2.64, 
absorption is 0.8%, and an LA abrasion mass loss of 57%.  The fine aggregate has a bulk 
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8.3 Mixture proportioning procedure 
Proposed Mixture Proportioning Procedure  
In this study, a new integrated mixture proportioning procedure is proposed. The 
proposed method focuses on controlling the volumetric composition of the three pervious 
concrete ingredients by design. In this method, not only the void content but also both the 
paste and aggregate’s volume are predetermined.  Additionally, workability is included as 
part of the mixture proportioning procedure.  Details about this mixture proportioning 
method are provided in remaining sections of this report. 
Design of Experiments with Mixtures  
A mixture experiment is a special type of response surface experiment in which 
the factors are the ingredients or components of a mixture and the response is a function 
of the proportions of each ingredient (Myers & Montgomery, 1995). PCPC can be 
described as a mixture of the three ingredients, air voids, paste and aggregate.  The three 
ingredients are the main factors that contribute to the properties (responses) of a PCPC 
mix. Properties such as permeability, compressive strength and raveling resistance are 
always the function of the three components.  
The best way to study experiments with mixtures is to use experimental design 
techniques suitable for mixtures.  Some of the experimental design techniques commonly 
employed in mixtures studies include Simple Centroid Deign, Simplex Lattice Design 
and Augmented Simplex Centroid Design.  
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Like any other statistical method, the advantage of mixture design technique is the 
reduction of the number of experimental runs.  For instance, we want to know how the 
properties of pervious concrete change as its composition varies in the following range: 
voids 20 – 30%, volume of paste 20 – 30%, and the volume of aggregates 50% – 60%.  
To get adequate data within these ranges, we have to run several experiments by varying 
each component in certain intervals.  However, if we use mixture design techniques, the 
required number of runs could be reduced significantly. For instance, if we choose 
simplex centroid, the entire region can be studied by running only seven data points.  
These data points are usually taken from the vertex, mid points and the center as shown 
in Fig. 8.2.  Once the results from the seven design points are obtained, the entire region 
can be explored by fitted regression equations that model the response surface over the 
entire feasible region ( A. Dean and D. Voss 1999) .   
Application of constrained simplex centroid design for optimizing PCPC 
mixtures 
In standard simplex centroid design, the components of the mixture vary 
proportionally from 0% to 100% by weight or volume.  If we take this concept literally to 
pervious concrete and vary the volume of voids, paste, and aggregate from 0 to 100; most 
of the results will not be desirable.  Therefore, to get the feasible mixtures, it is important 
to vary the three components in a certain practical range. This leads us to a constrained 
mixture design. In a constrained design, the volume of voids, paste and aggregate vary 
within upper bound and lower bounds constraints. The feasible region selected for this 
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study is shown in the constrained white triangle in Fig 8.3. This region was obtained by 
varying the volume of voids, paste and aggregate from 20 to 32.5%, 15 to 27.5% and 
52.5 to 65% respectively.  Since the small-constrained region is still a simplex, similar 
principle of simplex centroid design could be applied to study this region (Myers & 
Montgomery, 1995).  The upper and lower limits of the three components were selected 
in such a way that the resulting region represents the feasible region for PCPC and forms 
a simplex triangle. More representative regions could have been formed by varying the 
components in a broader range. However, most of the regions that form would be 
different from simplex. Therefore, the analysis of the model couldn’t be performed using 
simplex centroid design. Since in this study we wanted to make the region simplex, we 



























Fig.8.2. Seven design points of simplex centroid design 
 














When the region of the constrained mixture are triangular as in this case, the 
upper and lower constrain points translate to standard simplex centroid design.  This will 
make the design constriction and the model fitting easier over the constrained region of 
interest (NIST, 2012). The new components of the simplex centroid design (Xi’) are 



















       8.2  
Where: L denotes the sum of all the lower bounds (Li) 
 
Fig 8.3 Constrained mixture design for aggregate voids (20-32.5 %), 
paste (15 – 27.5 % ) and aggregate (52.5 – 65 %) by volume. 
 




i = The pseudo component and 
  xi = The original components  
Constructing a design in the pseudo components is accomplished by specifying 
the design points in terms of the 
'
ix  and then converting them to the original component 
settings using equation 8.3 (NIST, 2012). 
   
'(1 )i i ix L L X           8.3 
In this study, two replicate of the 7 main design points, and two replicate of 4 
validation points a total of 22 data points are translated to pseudo components or vice 
versa. The Pseudo Components and Original Components are provided in table 8.4. Full 
randomized values of the pseudo components and the original components are provided 
in Table C-1 (Appendix C).   Example 8.1 provides sample calculations.  
Example 8.1 
The following examples present sample calculation for translation of the pseudo 
components to original components. It is always easier to analyze and fit the model using 
the Pesudo component.  However the experiment has to be performed based on the 
original components.  The following three examples show three different cases where the 
original components are calculated based on the pseudo components. These values are 
bolded and underlined in Table 8.4  
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Given: 
The low (L) and high (H) values of the three components 
 Voids (L1 = 0.20, H1 = 0.325) 
 Paste (L2 = 0.15, H2 = 0.275) 
 Aggregate (L3 = 0.525, H3 = 0.65) 
 Required: Determine the original components for X1 = 0.33333, X2 = 0 
and X3 =1  
 Soln:  
  
'(1 )i i ix L L X    
     L = 0.2 + 0.15 + 0.525 = 0.875  
  For X1 = 0.3333 
   x1 = 0.2 + (1 – 0.875 )*0.333 = 0.242 
  For X2 = 0 
   x2 = 0.15 + (1- 0.875)*0 = 0.15 
  For X3 = 1 
   x3 = 0.525 + (1-0.875)*1 = 0.65 
  
 





Table 8.4. Pseudo components and original components for PCPC mixtures 























0.333 0.333 0.333 0.242 0.192 0.567 
1 0 0 0.325 0.150 0.525 
0.5 0.5 0 0.263 0.213 0.525 
0 1 0 0.200 0.275 0.525 
0 0 1 0.200 0.150 0.650 
0.5 0 0.5 0.263 0.150 0.588 












0.6667 0.1667 0.1667 0.283 0.171 0.546 
0.1667 0.6667 0.1667 0.221 0.233 0.546 
0.3333 0.6667 0 0.242 0.233 0.525 
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Controlling the composition of pervious concrete mixtures by design 
Though the idea of varying the three components of pervious concrete seems very 
simple, to make it practical, it requires employing several mixture proportioning and 
construction techniques.  Based on literature discussed earlier, there are different 
techniques used to control the volumetric composition of pervious concrete ingredients. 
The techniques employed in this study include:   
1. Controlling the paste volume  
2. Adjusting the aggregate gradation  
3. Controlling the degree of compaction  
Varying the paste volume  
The paste volume is one of the parameters controlled during mix design and 
production of PCPC mix. The paste volume varies depending on the target void content 
and the mechanical performance.  Paste volume from 10% - 35% are reported in 
literature (Deo & Neithalath, 2010).  The lower the paste volume the higher will be the 
permeability, and as the paste volume increases, the permeability decreases but the 
mechanical properties improve.  Using lower paste volume is recommended unless the 
mechanical properties are severely affected.  Using low paste volume provides better 
functionality, lower cost and lower carbon footprint.  The paste volume in this study is 
varied from 15% to 27.5%.  This range is the most feasible range for functional and 
economical pervious concrete.  
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Adjusting the aggregate gradation  
Varying aggregate gradation or blending, results in a mix with different void 
content.  Neptune studied the effect of three aggregate sizes on PCPC properties. The 
results show different void content as the aggregate gradation varies (Neptune, 2013). 
Similarly, based on a preliminary experiment conducted (according to ASTM C29), void 
contents from 28% to 44% were obtained (ref chapter 7). This is obtained by blending 
four different types of aggregates, three coarse aggregates (ASTM C 33 #4, #8, 3/8”) and 
a fine aggregate. Low void contents are considered undesirable for PCPC due to poor 
infiltration rate.   
Controlling the degree of compaction  
Deo et al. varied the void content and aggregate content by changing the degree of 
compaction (Deo & Neithalath, 2010). Similarly, in this study, the void content and 
aggregate content of the PCPC mixtures were controlled by varying the degree of 
compaction. Since the samples were compacted to a constant height, different amount of 
compaction force was applied for each mix based on the design void content and 
workability. Samples with low void content and poor workability required high degree of 
compaction or large number of blows than mixes with high void content.  
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Accounting the difference between design void content and actual void 
content obtained from ASTM 1688 test.  
Ideally, the volumetric distribution of the PCPC components obtained in the 
actual samples should be consistent with the values determined by design.  The design 
void content is the void content of the PCPC mix calculated by subtracting the paste 
volume from the voids in the aggregates.  ASTM C1688 is the test method generally used 
to determine the density and void content of freshly mixed PCPC.  As quality control 
technique, the design density and design void content are usually compared with the 
density and void content obtained from ASTM C1688.  However, several studies have 
shown a clear difference between the design void content, and the actual void content 
obtained from ASTM C1688.  According to the NRMCA mixture-proportioning manual, 
the actual void content could be higher by up to 10% from the design void content.  
Based on a preliminary study conducted, the PCPC mixes produced according to the two-
stage mixing procedure developed in this study had an actual void content, which was 
higher by 6% than the design void content.   
There are several factors that contribute for the increase in the void content as 
measured by ASTM C1688. One of these factors is the reduced degree of compaction in 
this test method. The design void content accounts the void content calculated from 
ASTM C29, which uses a high degree of compaction, whereas ASTM C1688 uses less 
compaction energy from a proctor hammer.  Therefore, since the two techniques use 
different force of compaction, the void content obtained from the two tests are distinct.  
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The other factor that affects void content is mix workability.  When workability is poor, it 
will not respond well to compaction, this increases the void content.  
Therefore, the final mixture proportions of this study accounted the effect of the 
void content increase. The solid volume of the aggregate and the volume of the paste 
were increased proportionally to match with the void content obtained from ASTM 
C1688 tests. The design volume of the aggregate was increased by 5%.  Similarly, the 
paste volume increased in proportion to the aggregate-to-paste volumetric ratio.  The 
example in the next section describes this adjustment. This adjustment was made based 
on a preliminary result obtained from trial experiments. The final mixture proportions 
used for the twenty mixes with the adjusted paste and aggregate volumes are presented in 
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Aggregate Gradation % 
Composition 











M001 24.2 19.2 56.7 38.3 20.9 26.5 58.3 10.1 5.0 
M002 32.5 15.0 52.5 42.5 16.4 0.0 100 0.0 0.0 
M003 26.3 21.3 52.5 42.5 23.3 0.0 100 0.0 0.0 
M004 20.0 27.5 52.5 42.5 30.1 0.0 100 0.0 0.0 
M005 26.3 21.3 52.5 42.5 23.3 0.0 100 0.0 0.0 
M006 24.2 19.2 56.7 38.3 20.9 26.5 58.3 10.1 5.0 
M007 20.0 27.5 52.5 42.5 30.1 0.0 100 0.0 0.0 
M008 20.0 15.0 65.0 30.0 16.2 34.4 30.6 0.0 35 
M009 20.0 15.0 65.0 30.0 16.2 34.4 30.6 0.0 35 
M010 32.5 15.0 52.5 42.5 16.4 0.0 100 0.0 0.0 
M011 26.3 15.0 58.8 36.3 16.3 31.1 49.5 9.4 10 
M012 20.0 21.3 58.8 36.3 23.1 31.1 49.5 9.4 10 
M013 26.3 15.0 58.8 36.3 16.3 31.1 49.5 9.4 10 













M015 27.5 17.5 55.0 40.0 19.1 31.9 58.1 10.0 0.0 
M016 22.5 22.5 55.0 40.0 24.5 31.9 58.1 10.0 0.0 
M017 22.5 17.5 60.0 35.0 19.0 25.3 50.3 9.4 15 
M018 25.0 18.8 56.3 38.8 20.4 33.0 53.6 10.4 3.0 
M019 27.5 17.5 55.0 40.0 19.1 31.9 58.1 10.0 0.0 
M020 22.5 22.5 55.0 40.0 24.5 31.9 58.1 10.0 0.0 
M021 22.5 17.5 60.0 35.0 19.0 25.3 50.3 9.4 15 
M022 25.0 18.8 56.3 38.8 20.4 33.0 53.6 10.4 3 
Targ.:-Target, Adj.:– Adjusted  
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Example 8.2 Sample mixture proportioning and workability design procedure 
The following example presents sample mixture proportion of the PCPC mixtures 
studied in this work. The example is provided for M004, which has target void content 
20%, target paste content 27.5% and target aggregate content 52.5%.    
Step 1:  Identify the target properties 
Target Void = 20%  
Target Paste Content = 27.5 % 
Target Aggregate Content = 52.5 % 
Step 2: Adjust the aggregate and paste content for the effect of compaction.  This 
adjustment is to compensate the reduction of PCPC density or the increase in void 
content when the samples are compacted according to the procedure in ASTM C1688.  
The adjustment increases the volume of aggregate and the volume of the paste. The 
aggregate content is increased by 5%, which will cause 5% reduction in the void content; 
the paste content is increased in proportion to the ratio of the paste to aggregate.  
 Total required void content = Void content + Paste Content  8.4 
    = 20 + 27.5 = 47.5 % 
 Adjustment for increase in void continent = 47.5- 5% = 42.5%, Or 
 Adjusted aggregate solid volume = 52.5 + 5% = 57.5%  
 Adjusted paste volume =         (
    
    
) = 30.1 this increases the paste 
volume relative to the aggregate volume.  Otherwise, the mix will end-up with high 
aggregate content and less paste content.  Note here in this calculation the total increase 
in volume is 7.62%. This increase in volume compensates the reduction in density. The 
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total volume increase leads to adjusted volumetric proportion when the sample 
compacted according to ASTM C1688. Note, this adjustment was made based on several 
trial mixes, and it may not directly work for other types of mixing methods or materials.  
Step 3: Determine the aggregate gradation that give the desired void content.  In 
this case, the adjusted void content of the aggregate is 42.5% therefore, based on the 
aggregate optimization model 100% Size B aggregate was selected, ref chapter 5.   
Step 4. Determine the unit-weight and surface area of this aggregate either from 
mathematical model or from ASTM C29 test. In this case, the unit-weight and surface 
area for cubic meter of Size B aggregate are 1515 kg/m
3
 and 737 m
2 
respectively.  
Step 5. Determine the paste thickness required to form flowable but stable film on 
the aggregate surface. The required stable paste thickness (RPT) can be calculated as 
follows: 
    (
            
                       
)        8.5  
    (
      
     
)               8.6 
Step 6: Select the paste composition based on the RPT. The RPT is assumed to be 
equivalent with the actual pate thickness (APT) of the paste. Based on this assumption, 
the composition of the paste can be determined based on the statistical models developed 
in Chapter 5. The RPT value was taken as APT in the model, then the paste composition 
that had APT 0.41 was selected. Though all the locations on that contour line represents 
0.41 mm APT, the location that has similar actual paste thickness (APT) and ideal paste 
thickness (IPT) values was selected.  This is to make the paste selection processes 
uniform throughout the experiment. Therefore, for this example, the blue dot in Fig.8.4 
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was selected.  The composition of the selected paste will be, w/c = 0.32, SP = 0.108%, 



















Fig.8.4 Contour plot of IPT and APT at different level of SP (% solid) 
and, VMA (% solid) @ RE = 0.03% .solid by weight of cement  
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Step 7. Calculate the mixture proportion of each ingredient. The proportions of 
this mix are presented in the following table 8.6:-  
 



















) Size B 1514.6 
 
Note: This mixture design approach assumes oven-dried aggregate condition (0% 
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8.4 Experimental Methods 
Mixing Procedure  
The PCPC mixes were prepared using two types of mixing procedures. These are: 
a. Method I (Two-stage Mixing) 
b. Method II (Conventional Mixing) 
Method I (Tow-stage Mixing)  
In two-stage mixing, the cement paste is prepared separately according to a mixing 
procedure described in previous studies (Chapter 4, Chapter 5). Once the paste was ready, 
the paste properties such as flowability and film-forming ability were evaluated. Then, 
the paste was blended with the aggregate using conventional rotating drum mixer. The 
paste and the aggregate are mixed for 3 cycles each cycle with 30-second mixing and 15-
second rest. The first eighteen mixes (M001 to M018) were prepared according to this 
mixing procedure.  
Method II (Conventional Mixing) 
Unlike two-stage mixing, in conventional mixing procedure all the ingredients of 
the PCPC mix were added and mixed according to the procedure outlined in ASTM 
C192. The only difference from the ASTM C192 was the time of admixture addition and 
duration of mixing. In this case, some of the mix water was added with the aggregate and 
the mixer was started. While the mixer was running the fine aggregate and the cement 
were added and mixed for three minutes. Then the SP was added and mixed for one 
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minute.  After another minute the RE was added and mixed for one minute, followed 
finally by the addition of VMA and mixing for one minute.  
Sample preparation and Testing 
Fresh pervious concrete properties 
Unit Weight  
The unit weight of the PCPC mixes was determined in accordance with ASTM C1688. 
Two replicate tests were conducted for each mix and the average result from the two tests 
was reported.  
Workability 
In this study three workability related properties of pervious concrete were 
characterized. These are:  
Flowability  
Spreadability  
Resistance to paste drain down  
Flowability 
The flowability of the pervious concrete mixtures was determined using U-slump 
device. U slump device and the test procedure are described in chapter seven.   
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Spreadability  
The spreadability of the PCPC was determined using J-shear device according the 
test procedure described in chapter seven.  
Paste Drain-down 
The paste drain-down property of the PCPC mixtures was characterized by visual 
observation.  The PCPC mixes were rated visually in two steps. The first step was during 
mixing and sample preparation stage. At this stage, the performance of the mix and the 
presence of drained paste were evaluated visually.  The second step was after the test 
samples (the beams and the cylinders) were set and hardened.  In this step, the bottom 
surfaces of the specimens (the beams and the cylinders) were visually rated for the 
presence of a drained paste that sealed the surface of the specimen. Due to the 
inconsistency and difficulty of the visual inspection of the fresh mixtures, the paste drain-
down reported in this study was only the data obtained from the finished samples.    
 In both steps, the visual rating contained a rating number from zero to five with 
increment of one-half points.  Zero represented a mix with no paste drain-down; no paste 
squeeze-out and five represented significant paste drain-down such as with excessive 
runny paste. Similarly, for specimen surface rating, zero represented a surface free from 
drained paste, in which all pores are open and visible. Five represented a surface with 
completely sealed pores. Pictures of PCPC samples with paste-drain down rating of 1 and 
2.5 are provided in Fig 8.5.  
  
 



























Fig 8.5 Sample PCPC specimens rated for paste drain 
down index A (2.5), B (1.0)   
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Hardened Pervious Concrete Properties  
General  
Three different types of PCPC samples are prepared for tests as discussed below. All the 
three samples are prepared by measuring the required mass, which is determined based 
on the final volume of the sample and the target composition of the sample. For instance, 
if we take M001, which has target paste volume 19.2% and target aggregate volume 56.7; 
the mix quantity required to make the beam, which has volume of 1.32 liters can be 
calculated by multiplying the target paste and aggregate volumes by their respective 
densities. Therefore, using paste density of 2.07 g/cc and aggregate density of 2.64 the 
required mass of the mix for the beam samples will be 2.50 kg. Similar test sample 
weight calculation procedure was applied for the compressive strength test cylinder and 
the raveling resistance test cylinder. The quantities used for making the samples are 
provided in table C4 in the appendices section.  Once the sample weight is measured, the 
samples were compacted to their target volume using a controlled compaction procedure 
as discussed later in this document.  
Compressive Strength  
The PCPC cylinder samples for compressive strength test were prepared and 
cured according to the procedure outline in ASTM C1747. The only deviation from this 
procedure is the dimension of the final specimen and the duration of sealed curing.  In 
this case, the samples had a diameter of 101.6 mm [4 in.] and a height of 152.4 mm [6 
in.].  The material required for making the specimen was weighed into an empty plastic 
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mold, which had an internal diameter of 101.6 [4 in.] and height of 203.2 mm [8 in.].  
Then, each sample was compacted using a proctor hammer according to the procedure 
outlined in ASTM C1747 (ASTM C1747, 2013). The concrete cylinders were cured in 




F] for six more days in accordance with ASTM C192.  Picture of final cured 
samples are provided in Fig. 8.6. 
Once the samples are cured for seven days, their compressive strength was 
determined in accordance with ASTM C39. The height to diameter ratio of the samples 
was 1.5; therefore, the mean strength obtained from the three samples was corrected by a 














Fig. 8.6 Comp strength test samples right before test 
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Flexural Strength  
The PCPC beam samples used for flexural strength test were compacted manually 
by a metallic roller designed for this purpose.  The mold used for preparing the beams 
had internal dimensions of 300 x 110 x 50 mm [12 x 4.3 x 2 in.].  The roller had a weight 
1.9 kg [0.86 lb], diameter 55 mm [2.2 in.],  and length 105 mm [4.1 in.].  The amount of 
material required for the beam dimensions of 300 x 108 x 40 mm weighed and placed 
uniformly in layers, using a trowel.  Then, the beam was rolled using a metallic roller 
until it reached the marked final dimension of the sample, see Fig 8.7.  The rolling force 
and the number of rolling passes applied varied based on the workability and composition 
of the mix.  In general, the mix, which had high design void content, required fewer 
numbers of passes than the mix that had low design void content.  
After rolling, the beam sample with the mold was placed inside an airtight plastic 
container. After 24 hours of enclosed curing, it was removed from the airtight container 




F].  The flexural strengths of the beams were 
determined on the seventh day in accordance with ASTM C78, see Fig 8.8. The average 
of two samples for the first 9 mixes, and the average 3 sample for the remaining 13 mixes 
is reported.   
  
 




























Fig. 8.8 Flexural strength Testing of PCPC beam 
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Raveling Resistance 
The raveling resistance of the PCPC mixes was evaluated in accordance with 
ASTM C1747. Three samples were prepared accordingly and tested on the seventh day. 











The permeability of the PCPC samples was determined in accordance with ASTM 
D5856. The device used for this test was a falling head permeameter shown in Fig. 8.10 
A.  The diameter of the reservoir was 152.4 mm [6 in.] and the sample was placed in a 
 
Fig 8.9 residual samples after raveling resistance (ASTM C1747) test 
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sample holder, which had an internal diameter of 101.6 mm [4 in.] and height of 203 mm 
[8 in.]. The sample holder is similar to the diameter of the plastic mold used for preparing 
the samples but with an open bottom. The samples prepared for compressive strength 
evaluation were used for permeability test.  
The testing procedure is outlined as follows:  
1. The sample was inserted into the sample holder using light pressure jigging (by 
dropping the sample and the mold from 250 mm [10 in.] height.  
2. Once the sample touched the bottom of the sample holder, the assembly was 
securely placed at the bottom center of the reservoir using a special concrete collar 
manufactured for this purpose, see Fig 8.10 B. Then the gap between the reservoir, and 
the sample holder was sealed by plumber’s putty to avoid leaks as shown in Fig. 8.10 C.   
3. Then water was added from the exit side to push the air in the sample out. Once 
the water reached the top surface of the sample, the valve was closed and the reservoir 
was filled with water all the way to the top.  
4. Then the valve was opened, and the time required for water head loss of 400 
mm [16 in.] to head loss of 100 mm [4 in.] from the top of the sample was recorded.  
5. The test was repeated three times for each sample, and the average of the three 
readings was used to calculate the rate of percolation according to equation 8.7. The 
equation used for calculating the flow rate was taken from section 9.2 of ASTM D5856. 
Finally, the sample with the holder was taken out of the reservoir, and the sample was 
removed by pushing the sample in the reverse direction using Marshall’s hammer. 
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 l  (  
  
)          8.7 
Where: 
K = percolation rate in cm/hr [in./hr]. 







L = length of the specimen, cm [in.], 







t = elapsed time between determination of h1 and h2, s, 
h1 = head loss across the specimen, at time t1, cm [in.], and 
















Fig 8.10. Permeability test setup: A- full view of the 
permeability-testing device, B-Sample holder and supporting 
collar and C – inside view of the test device, the white ring is a 
plumbers putty sealant. 
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Void Content 
The void content of the concrete sample was determined in two different ways: 
The first method is similar to the technique used by Neithalath et al. In this procedure the 
mass of water required to fill a 104.6  x 152.4 mm [4 x 6 in.] PCPC cylindrical specimen 
- while it is in its molding plastic cylinder- was measured and converted to equivalent 
porosity (Neithalath et al., 2010). The porosity of the sample was calculated using 
equation 8.8. The test method is named in this report as method –W.  
Porosity (W) 
                                        
                
    8.8 
 The second method was according to ASTM C1754, except the drying technique 
employed. In this technique, void content is calculated by measuring the dry and 
submerged mass of the concrete samples. There are two sample drying techniques 
suggested in the standard. However, the dry mass used in this study was based on the 
mass of the sample 24 hours after molding. This sample mass was very close to the 
original mass of the fresh mix used to prepare the samples, except the water lost due to 
evaporation.  Since the sample molds were tightly closed the water loss was found to be 
negligible. The void content calculated from this technique are expected to be close to the 
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8.5 Experimental Results and Discussions 
General 
This section presents the findings of the experiment. The results are organized and 
presented according to the following order. First, a general description of the 
mathematical models and contour plots are provided. Second, the results of the fresh and 
hardened properties of the PCPC mixes are presented and discussed in tabular form, 
mathematical models and charts. Third, general analysis of model verification is 
provided. Finally, the comparison between two-stage mixing method and conventional 
mixing method is presented.    
Model Selection 
The mathematical models are selected based on the following three principles. 
First, the significance of the model components are determined from the regression 
analysis ANOVA (p-value).  Usually, when the p-value is less than 0.05, it is determined 
that at least one of the model components is statistically significant. Second, the 
predicting power of the model is evaluated from the coefficient of determination (R-
square) and the lack-of-fit test. Higher R-squared values (> 0.8) indicate good correlation 
between the model and the data. The lack-of-fit test evaluates how well the data fits the 
model. High lack-of-fit p-value shows good predicting power of the model. If the lack-fit 
p-value is less than 0.05,  the model is considered inadequate to make prediction. Third, 
to refine the model, the non-significant components, determined from t-test, are 
eliminated from the model and the regression analysis was performed. When the non-
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significant components are eliminated from the model, and if the predicting power of the 
model is improved and seen in the adjusted R-squared and lack-of fit test, then the 
revised model will be taken. This process was repeated till the refined model with the 
highest adjusted R-squared and lack-of-fit value was obtained.  
Understanding Mathematical Models and Contour Plots 
This report describes the regression equations (models) in two different forms. 
The first form is using the pseudo components, which are directly taken from the 
regression analysis. Most of the models are written in pseudo component form. However, 
since this design is a constrained design, it is necessary to translate original components 
to the pseudo component model.  Equation 8.1 can be used to translate values in the 
original components to pseudo component.  Example 8.3 shows how data points in 
original components could be evaluated using the pseudo component model.  
Example 8.3 Translating pseudo component models to original component. 
The model from the pseudo component can be translated to the original 
components according to the following procedure.  The original components represent 
the practical values used during mixture proportioning. This example shows how the 
model for Unit weight can be rewritten in terms of the original components: 
Pseudo component model : 
Unit-weight (kg/m
3
) = 1774.7 V + 1999.8 P + 2053.2A – 226 VA – 295.4 PA  
Where V= the ratio of the volume of voids to the total volume (0 – 1) 
 P = the ratio of the volume of paste to the total volume (0 – 1) 
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 A = the ratio of the total volume of aggregate to the total volume (0 – 1)  
Original component model  
Unit-weight (kg/m
3
) = 1774.7 V
*
 + 1999.8 P
*











 V*, P* and A* can be calculated using equation 8.1 and 8.2, by translating the 


















            
Where: L denotes the sum of all the lower bounds (Li) 
 X
’
i = The pseudo component and 
  xi = The original components  
For instance, if we want to predict the unit-weight at a point where void content is  
25%, paste content 20% and aggregate content 55%, we can use the above 























Therefore, by replacing these values we can determine the value of the unit 
weight,  
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Contour Plots 
The contour plots in the discussion sections are provided with both pseudo 
component and original component references.  Therefore, values either in the pseudo 
component or the original component can be directly used to make predictions from the 
model. The values in yellow text box show the original components at the vertex and mid 
points. The regular numbers from 0.1 to 0.9 are the pseudo component values. Sample 
contour plot is provided in Fig 8.11; both the original and pseudo component values are 
used to predict the unit-weight.  
Model Validation  
The prediction power of the models was evaluated by fitting the observed values with 
respect to the predicted values. The observed values were obtained from eight mixes. 
M015 to M022 contain eight validation mixes. M015 to M018 are four validation mixes, 
which were prepared according to the two stage mixing procedure (Method I). The mixes 
in M019 to M022 were prepared as conventional mixing procedure, ASTM C192 
(Method II). Therefore, the model validation was performed by comparing the eight 
mixes (observed values) with predicted values from the model. Once the observed values 
were fitted with the predicted values, the shape of the fit line and the value of the 
regression coefficient were analyzed to decide on the adequacy of the model. Sample 
bivariate fits for the model validation are attached in Appendix C.  
  
 





Fig 8.11, Prediction using contour plots based on values from pseudo component 
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8.6 Fresh Concrete Properties 
The fresh PCPC mix properties evaluated in this study include: Unit-weight 
(ASTM 188), flowability using U-slump, spreadability using J-shear and paste drain-
down index by visual rating.  The following sections present the findings of these tests.  
Tables 8.7, Table 8.8 and the graphs in each section present the summarized results of 
each test.  Discussions are provided along with each table and figure.  Additional detailed 
data is available in the appendices section at the end of this report.  
Unit-weight (Density) 
The unit-weight of the pervious concrete mixtures varied from 1750 to 2075 
Kg/m
3
 [109 to 130 lb/ft
3
].  The  model fitted for unit-weight is described in equation 8.9. 
Fig. 8.12 shows the contour plot of the unit weight constructed based on the model 
selected.  As expected the increase in void content reduced the unit-weight, whereas, the 
increase in paste and aggregate content increased the unit-weight. The highest unit-
weight value was found at the right-hand corner of the contour plot where the aggregate 
solid volume was the highest.   
Unit-weight (kg/m
3
) = 1774.7 V + 1999.8 P + 2053.1A – 226 VA – 295.4 PA …… 8.9 
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Table 8.7 Summarized results for fresh pervious concrete tests.  
 






































M001 1859.0 25.4 18.8 55.7 24.5 SU 0.60 1.76 44 2.5 
M002 1750.3 30.2 15.5 54.2 25.0 SU 0.79 1.83 48 3.5 
M003 1872.3 24.2 21.8 53.9 30.0 SU 0.50 2.34 53 2.0 
M004 1970.0 19.3 27.7 52.9 29.0 SUS 1.21 1.75 57 3.5 
M005 1917.8 22.4 22.3 55.2 30.0 SSU 0.62 2.29 54 1.0 
M006 1856.0 25.5 18.8 55.6 26.0 SU 0.37 2.00 44 0.5 
M007 2027.8 16.9 28.5 54.5 31.0 SUS 0.03 3.91 77 3.5 
M008 2025.3 19.8 14.8 64.6 23.0 SU 0.98 1.59 49 0.0 
M009 2075.1 17.9 15.2 66.2 25.5 SSU 0.65 1.58 43 0.0 
M010 1797.4 28.3 15.8 55.3 25.5 SU 0.60 1.76 43 0.5 
M011 1854.4 26.4 14.8 58.2 24.0 SU 0.37 2.00 46 0.5 
M012 1978.0 20.4 20.9 58.0 27.5 SU 0.35 1.86 44 3.0 
M013 1884.7 25.2 15.1 59.1 23.0 SU 0.60 1.76 44 0.5 
M014 1951.4 21.4 20.6 57.2 24.0 SU 0.37 2.00 46 2.5 
M015 1846.0 26.1 17.7 55.6 28.5 SU 0.35 3.22 65 1.0 
M016 1948.3 21.1 22.8 55.4 27.0 SU 0.51 2.75 62 3.5 
M017 2042.6 18.1 20.1 61.1 27.0 SU 0.06 2.28 48 2.0 
M018 1951.5 21.5 20.4 57.4 25.0 SU 0.60 1.76 45 1.0 
M019 1832.4 26.6 17.6 55.1 25.0 SU 0.37 2.00 43 1.5 
M020 1934.1 21.7 22.6 55.0 26.0 SU 0.35 1.86 41 2.0 
M021 1976.4 20.7 19.5 59.1 25 SU 0.23 2.15 46 1.5 
M022 1940.0 21.9 20.3 57.1 27.0 SU 0.20 2.11 44 1.5 
 
SU - smooth and uniform , SSU - smooth and semi Univform , SUS-smooth 
























Fig 8.12. Isoresponse surface of fresh PCPC unit-weight determined according to 
ASTM 1688 in Kg/m3 [lb/ft3]; for the PCPC mixtures proportioned for specific 
volumetric ratios. of voids, paste and aggregate. 
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Flowability (U-slump Test) 
The flowability of the mixes was characterized using U-slump Test. The model 
selected for u-slump is presented in equation 8.10. The model shows that paste volume 
has the highest significance on flowability.   
U-slump Angle (deg) = 25 V+ 30 P+ 22.6A + 9 VP – 10.8 PA  (8.10) 
The isoresponse contour plot of the U-slump angles (deg.) are presented in Fig. 
8.13. The flow angles varied from 23 degrees to 28 degrees. The flow angle increased as 
the volume of the paste increased.  This is due to the increase in the mix viscosity 
associated with high paste volume.  The result shows that paste volume is a critical 














Fig. 8.13 Isoresponse surface of U-slump angle for fresh PCPC mixtures 
proportioned for specific volumetric ratios of voids, paste and aggregate 
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The result of this study shows that, unless the mix rheology is properly designed, 
an increase in paste volume can cause a significant workability related problems. 
However, in the mixtures studied, most of them had fair to excellent flowability. The 
flowability from U-slump test can be classified as Excellent, fair and poor based on the 
classification presented in Table 7.1. Accordingly, most of these mixtures can be 
categorized into acceptable flow ability range (excellent to fair). Achieving satisfactory 
flowability in all of these highly diversified mixes with one attempt could be only be 
possible by incorporating workability in the mix design processes. Therefore, the result of 
the U-slump test verifies the robustness of the mix design method proposed in this 
research.  
Spreadability (J-shear Test)  
 The J-shear test was used to evaluate the internal shear resistance of the PCPC 
mixtures. The shear resistance of freshly mixed PCPC is a function of the normal stress, 
the internal coefficient of friction, and the force of cohesion. The normal stress is directly 
proportional to the self-weight of the concrete above the failure plane. The regression 
equations fitted based on the three data points determined the coefficient of internal 
friction and the force of cohesion. Fig. 8.14 shows the plot of normal stress vs. shear 




















The coefficient of internal friction and force of cohesion were used to calculate 
the spreading force (pulling force). The models, fitted for the coefficient internal friction, 
force of cohesion and pulling force are presented in equation 8.11 through 8.13. Fig 8.15 
and 8.16 shows the contour plot of the internal friction and force of adhesion developed 
based on the models.  Contour plot of the pulling force is shown in Fig 8.17. The effect of 
paste volume on pulling force seems significant. As the paste, volume increases the 
required pulling force also increased significantly.  The increase in pulling force is also 
associated with the increase in internal shear resistance of the mix.  The effect of paste 
volume on the coefficient of internal friction and the force of cohesion is significant.  
 
Fig. 8.14 Sample J-shear test result for selected PCPC mixes. 
M 010, y = 2.10x + 0.58 
R² = 0.95 
M011, y = 2.00x + 0.37 
R² = 0.97 
M012 y = 1.86x + 0.35 
R² = 0.97 
M009,  y = 1.58x + 0.65 






















Normal Stress, kPa 
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Force of cohesion (kPa) = 0.68 V + 1.19 P+ 0.80 A- 0.1.23 VP - 0.85 VA- 1.29 PA (8.11) 
Internal Friction = 1.79V + 2.80 P + 1.59 A – 1.21PA    (8.12) 
Pulling Force (kg) = 43.9 V + 30 P+ 46 A – 49 PA     (8.13) 
 
 

















Fig. 8.15. Isoreponse surface of the coefficient of internal friction of the PCPC mixtures 
proportioned for specific volumetric ratios of voids, paste and aggregate. 
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  The quadratic model fitted for coefficient of internal friction has good predicting 
power (R
2
 = 0.92). The model for force of cohesion also has fair predicting power (R
2
 = 
0.78).  Pulling force has fair coefficient of regression (R
2
 =0.77) and good lack of fit f-















Fig. 8.16 Isoresponse surface of internal cohesion (kPa) for PCPC mixtures 
proportioned for specific volumetric ratios of voids, paste and aggregate. 
 

























Fig. 8.17 Isoresponse surface of pulling force (kg) required for a rake man to spread 
50 mm thick fresh PCPC mixture proportioned for specific volumetric ratios of 
voids, paste and aggregate 
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Paste Drain-down  
The mathematical model for paste drain-down index is provided in equation 8.14. 
The result of the paste drain-down index are also plotted in Fig. 8.18  The plot shows a 
clear trend that the paste drain-down potential of the mix was highly dependent on the 
paste volume. High paste volume can contribute to paste drain-down in two different 
ways. First, slight reduction in paste viscosity can cause significant paste drainage. 
Second, the excess paste can be squeezed out during compaction, and it can seal the void 
of the PCPC mixes. Paste drain-down significantly reduces as the aggregate content 
increases.  
 












Fig. 8.18 Isoresponse surface of paste drain-down index for PCPC mixtures 





8.7 Hardened Properties  
The hardened properties of the PCPC mixes evaluated in this study include: 
Porosity, permeability, compressive strength, flexural strength and raveling loss.  The 
following section presents the findings of these tests.  Tables 8.9, Table 8.10 and the 
isoresponse plots for each test summarized the findings of these tests.  Discussions are 
provided along with the tables and figures.  Finally, detailed row data is provided in the 
appendix section at the end of this report. 
Porosity  
The porosity of the samples calculated using the two methods are tabulated in 
Table 8.9. The porosity of the PCPC mixes ranged from 17.8 to 34 % and 19.9 to 35% 
respectively for values obtained using method-S and method -W. The porosity is 
proportional to the design void content of the mixes.  The values obtained using Method-
W are slightly lower than the values obtained using Method-S.  But, the values from 
Method-W are considered to be very realistic, because the test simulated the field 
conditions.  
Equation 8.15 describes the model fitted for the PCPC porosity. This model has a 
high predictive power.  The bivariate fit of the predicted porosity with the actual porosity 
obtained from the four model verification samples had R
2
 = 0.98, and 0.91 respectively 
for the samples made using mixing Method I, and mixing Method II. The bivariate fit 




The Isoresponse surfaces using this model is available in Fig. 8.19. The plot 
shows that porosity is directly proportional to the design void content of the mixes. As 
the design void content increases, the actual porosity increased proportionally.  
Porosity (W) (%) = 33.3 V+ 18.1 P+ 18.6 A + 10.0 VP   (8.14) 













Fig 8.19. Isoresponse surface plot of porosity (%) of the PCPC mixtures 


























W S cm/hr. in/hr. MPa. psi MPa psi 
M001 27.1 26.6 6864 2701 12.2 1770 3.27 67.7 37.7 
M002 34.5 34.8 10599 4171 5.4 788 1.3 22.6 60.6 
M003 27 29 6165 2426 10.8 1563 2.25 68.7 39.9 
M004 17.8 19.9 2016 793 18.4 2674 3.16 61.5 29.8 
M005 27.4 28.5 5996 2376 9.6 1390 1.69 26.8 40.9 
M006 23.8 26 4569 1796 12.7 1844 2.16 0 40.7 
M007 18.5 21 2693 1075 18.6 2702 3.16 57.8 28.8 
M008 18.8 20 1406 540 7.7 1120 2.31 37.7 63.6 
M009 18.4 20.5 1513 582 10.5 1522 2.32 68 54.6 
M010 32.1 35.1 9329 3698 5.9 861 1.2 22 62.6 
M011 25.9 28.5 6016 2346 9.7 1409 2.21 72.9 57.6 
M012 20.8 21.8 3824 1505 15.2 2198 2.92 63.2 33.6 
M013 26.9 28.4 6397 2518 9.4 1362 2.37 49.6 45.9 




















M015 25.9 30 6356 2501 10.3 1487 1.98 17.4 41.3 
M016 22.6 24.8 3847 1514 13.4 1950 2.74 47.9 34.4 
M017 22 23.7 3873 1524 13.1 1899 2.47 35.3 33.3 









M019 29.9 30.7 7998 3148 8.1 1179 2 44.5 50.9 
M020 23.1 25.1 4255 1674 14 2032 2.94 87.7 35.6 
M021 21.2 23.2 3816 1502 18.3 2653 2.84 51.3 31.4 










The average permeability values determined in accordance with the ASTM 
D5856 are listed in Table 8.9. The permeability values obtained from these samples have 
a range from 1406 – 10599 cm/hr. [540 – 4171 in/hr.]. The highest permeability was 
obtained from M002, which had the highest void content. The lowest permeability was 
obtained from M008, which had the minimum void content and the maximum volume of 
aggregates. Even if the permeability in M008 is too low, this mix can still be considered 
as pervious concrete.  This is because; its permeability is much higher than the maximum 
rainfall intensity in many locations. For instance, the 100 year return rainfall intensity in 
upstate South Carolina (Anderson County) is around 21 cm/hr. [8.5 in/hr.], and this is 
much lower than the permeability of M008.  
The model fitted for the permeability is described in equation 8.16.  Like the 
porosity model, this model also has a high predictive power. The predictive power of the 
model can also be the result of the precision of the test method.  The bivariate fit of the 
actual permeability by the predicted permeability obtained from the four model 
verification tests has R
2
 = 0.99, and 0.92 respectively for the samples made using mixing 
Method I, and mixing Method II. The bivariate fit analyses for permeability is available 
for reference in Fig C2 .  
The Isoresponse surfaces of permeability are shown in Fig 8.20. The plot shows 
that permeability is directly proportional to the design void content of the mixes. As the 
design void content increases, the actual permeability increased proportionally. An 




The effect of aggregate volume on permeability is higher than the effect of paste volume. 
This is due to the high-density packing and small pore diameters in high aggregate 
volume mixes.  















Fig 8.20. Isoresponse surface plot of permeability cm/hr. [in./hr.] of the PCPC 





Compressive Strength   
The average compressive strength values of the PCPC samples are provided in 
Table 8.9. The compressive strength obtained from these samples are in the range of 5.4 – 
18.6 MPa [788 – 2702 psi]. The lowest value was obtained from M002, which was 
designed with high void content, low paste and low aggregate content.  The highest 
compressive strength was obtained from M007, which was proportioned to have the 
highest paste content, the lowest void content and the lowest aggregate content.  
The overall trend was studied by plotting the model in equation 8.17. The plot 
shows that compressive strength is directly proportional to amount of paste and is 
inversely proportional to void content, see Fig 8.21. The plot also shows that an 
optimized pervious concrete mixture can be developed by balancing the paste and the 
void content (central region). High aggregate volume reduces the compressive strength of 
PCPC. 
 The adequacy of the model to make prediction was verified by fitting actual 
values with predicted values. The analysis shows that the compressive strength model is 
inadequate to make accurate prediction. One reason for poor prediction values can be the 
lack of precision in the test method itself.  
 

























Fig 8.21 Isoresponse surface plot of compressive strength in MPa [Psi] of the PCPC 




Flexural Strength  
The average flexural strength values of the PCPC samples are provided in table 
8.8.  The flexural strength values show a similar trend with the compressive strength. 
Flexural strength increases as the paste volume increases.  The values obtained were 
between 1.2 - 3.27 MPa [174 – 474 psi].  The highest value was obtained from M001, 
which has equal proportions of the three components.  
The overall trend was studied by plotting the model, which is described in 
equation 8.18. The plot shows that flexural strength increases with paste volume see Fig 
8.22. It is clear that void content negatively affects the flexural strength.  The effect of 
aggregate content on flexural strength seems insignificant.  
 




















The adequacy of the flexural strength model to make prediction was verified by 
fitting actual values with predicted values. The analysis shows that the model has very 
good prediction power.  The bivariate fit of the actual values with predicted ones had a 
high correlation value with R
2
 = 0.98 for both data validation test sets obtained from 
mixing method I and mixing method II, This predicting power is the result of the 
consistency of the flexural strength test and the goodness of the model. Since currently 
evaluating the strength, property of pervious concrete is a challenging problem in the 
industry. From this result it is recommended the use of flexural strength test as 
 
Fig 8.22. Isoresponse surface plot of flexural strength in MPa [Psi] of the PCPC 




standardize test procedure for evaluating the mechanical performance of pervious 
concrete.  
Resistance to Raveling (Raveling Loss)  
The resistance of the PCPC mixes to raveling was tested in accordance with 
ASTM C1747. The mass losses due to raveling were expressed in percentage of the 
original mass of the samples used for the test.  The mass losses that correspond to each 
mix are provided in Table 8.9. 
The mass-loss values obtained were between 28.8% and 63.6%. The lowest value 
indicates good and a strong mix less prone to raveling. The mix that had the smallest loss 
was M007, which was composed of high paste, low voids, and low aggregate volume.  
Therefore, it is possible to conclude that raveling resistance of PCPC is influenced by the 
paste content.  The highest mass loss was observed on mix M003, which had high 
aggregate, low paste and low void volume.  The high aggregate content couldn’t improve 
the raveling resistance of the mix. This is because of the insufficient amount of paste 
available to bind the aggregates together. M008 had very high surface area, and the 
amount of paste added was not enough to cover that surface area and bind the aggregates 
together.  
The model for raveling loss was provided in equation 8.19. The overall trend on 
the entire feasible area was studied by plotting the model as shown in Fig. 8.19. The plot 
shows that reveling resistance increases (mass loss decreases) with paste volume see Fig 
8.23. The increase in void and aggregate volume cause reduction in raveling resistance. 




predicted values. The analysis shows that the model has very poor prediction power.  The 
bivariate fit of the actual values with predicted value had very poor correlation - R
2
 = 
0.31 and 0.23 respectively for the validation test sets obtained from mixing method I and 
mixing method II, see Fig C_ .  
 





Fig 8.23. Isoresponse surface plot of raveling loss (%) of the PCPC mixtures 




8.8 Comparison of required paste thickness (RPT) with ideal paste 
thickness (IPT) and actual paste thickens (APT) 
 
To proportion pervious concrete mixtures with satisfactory workability property; 
it was necessary to select the paste type that satisfies the paste thickness (RPT) 
requirements. In this kind of situation, the quantities of paste making materials such as, 
cement, water and admixtures, need for a particular paste thickness, can be determined 
based on paste studies. In this study, the admixtures dosage and the w/c ratio were 
selected based on the statistical models developed in Chapter 5. Naturally, the observed 
values obtained based on the model are expected to be equivalent with the predicted 
value, but sometimes the observed values can be significantly different from the 
predicted values.  
Fig 8.24 shows the comparison of the mean of the IPT and APT of the paste with 
the predicted values (RPT). According to the analysis of variance, the difference between 
the predicted values and the observed values is statistically insignificant (p-value 0.1004). 
However, on average each of the observed paste thickness had lower APT by 0.1 mm 
than the targeted paste thickness (RPT), except M008 and M009, which had very small 
RPT. There might be several reasons for the reduction in the observed values of IPT and 
APT . Some of these reasons could be such as poor prediction power of the model, the 
change in material property since the paste study was performed six months before the 
concrete sample preparation, the effect of the change in mixer type used to prepare the 




had acceptable performance. These mixes had excellent flowability and spreadability 




Fig 8.24 Comparison of observed APT, IPT with predictor RPT in two stage mixing processes. 
The connected letter report shows that the observed APT and IPT are not significantly different 
from RPT 
Connecting 
letter report  






IPT A   





Comparison of mixing method 
The effect of the two mixing methods, two-stage mixing and conventional mixing 
method, on the fresh and hardened properties of PCPC was compared by a statistical 
analysis. For this a comparison of means was performed using t-test. The result was 
reported in the form of a connected letter report. In connecting letter report, the 
parameter, which is significantly different, is connected by a different letter.   
According to the comparison of means analysis, there is no significant difference 
between the fresh properties obtained using the two mixing methods. All the five 
properties observed in the two methods are comparable.  However, from Fig 8.25 we can 
see that the mixes produced using method B had low paste drain down index and low 
shear resistance compared with the mixes produced with Methods A.  The difference 
looks significant visually, but according to the statistical analysis, it is not significant.  
 Similarly, the hardened properties of the PCPC samples prepared in accordance 
with the two mixing method were compared.  The differences observed in the hardened 


























Fig. 8.25 Comparison of means of five fresh properties of the PCPC mixes produced using 


























Fig. 8.26. Comparison of hardened properties of PCPC samples produced using two 





In this study, the fresh and hardened properties of twenty two PCPC mixes were 
evaluated. The experiment had two main objectives. The first objective was to evaluate 
the new mixture proportioning and workability characterizing techniques in a broader 
scale by varying the composition of the pervious concrete mixes. The second objective 
was to evaluate the performance of PCPC mixes designed for a predefined composition 
of voids, paste and aggregate.  Both objectives were successfully achieved by the results 
obtained in this study.   
The twenty two mixtures studied can be categorized into two. The first fourteen 
mixtures were two replicate simplex centroid design points with variable void, paste and 
aggregate content. The remaining eight mixes were two replicate validation mixes. 
Therefore, the eleven unique mixes were developed by varying the volumetric ratio of 
voids, paste and aggregate. The volume of voids varied from 20 to 32.5 %, the paste 
volume varied from 15 to 27.5% and the aggregate volume varied from 52.5 to 65%.  
Accordingly, the cement and the water content of the mixes varied from  241 to 
450 kg/m
3 
[406 to 758.5 lb/yd
3
] and  from  75.5 to 141.8 kg/m
3
 [127 to 239 lb/yd
3
] 
respectively.  The aggregate content varied from 1442 to 1764 kg/m
3
 [2431 to 2973 
lb/yd
3
].  The dosage of the three admixture also had dosage, SP 1.31 to 2.12 kg/m
3
 [2.21 
to  3.6 lb/yd
3
], VMA 0.19 to 0.54 kg/m
3
 [0.32 to 0.91 lb/yd
3
], and RE 0.22 to 0.42 kg/m
3
 
[0.37 to 0.71 lb/yd
3
].  
Even though the mixes had such a great variation, the workability of all the mixes 




flowability, which would allow them to be discharged from concrete trucks successfully.  
The thickness of the paste used in some of the mixes was slightly lower than the desired 
paste thickness.  These created a certain amount of paste drain-down in some of the 
mixes. Nevertheless, most of the mixes performed very well. 
The effectiveness of the workability characterizing devices was evaluated from 
the tests performed in this study. Both devices characterized the workability of the mixes 
adequately.  The flowability of the mixes could be described using U-slump test.  The 
shear resistance of the freshly mixed PCPC was determined using the J-shear device.  
In the new mixture proportioning method, the volumetric ratio of voids, paste and 
aggregate was predetermined. I used this mix design method in conjunction with simplex 
centroid design, to study the entire region and explain the individual and interaction 
effect of voids, paste and aggregates on the fresh and hardened properties of PCPC. 
 In general, paste has the highest influence on most of PCPC properties. Paste 
volume affects the workability of the fresh PCPC. Unless properly design, high paste 
volume PCPC mix can have workability related problems.  Similarly, the paste also 
controls all hardened properties, including compressive strength, flexural strength, and 
resistance to raveling.  Low paste volume mixes will suffer from poor mechanical 
performance.  
The effect of voids content is very significant on the unit-weight, porosity and 
permeability. These three properties are highly correlated with the volume of voids 




 Aggregate content has medium influence on everything.  From workability to 
flexural strength, all properties of PCPC were influenced by the amount of aggregates.  In 
general, the effect of aggregate content is not very significant as the effect of paste 
content. In this study, mixes with aggregate content up to 65% were successfully 
produced.  Achieving the high aggregate content was only possible by incorporating sand 
by more than 30%.  
The PCPC mixes produced with the high aggregate content looked different from 
regular pervious concrete.  The beam samples had appearance of a mortar bar with some 
big rocks in it. However, these mixes had permeability more than 1400 cm/hr. [540 
in./hr.], which is much higher than the highest rainfall intensity in upstate South Carolina. 
Therefore, the high aggregate content mixes can be successfully used for pervious 
concrete pavement. These mixes also have smooth surface texture, which makes them 
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SUMMARY, CONCLUSION AND RECOMMENDATIONS 
9.1 Summary  
In 1999, the US Environmental Protection Agency (EPA) recognized Portland 
cement pervious concrete (PCPC) as a best management practice for reducing urban 
storm water runoff and environmental pollution. Since then the demand for PCPC has 
increased at an unprecedented rate. Even though the demand is increasing there are 
certain challenges, which hinder its wide-spread use.  Mixture proportioning and 
production-related issues are the common ones.   
Besides its long history, pervious concrete is still new to many concrete 
producers. Mixtures delivered by inexperienced producers tend to show severe 
workability-related problems.  Typical examples of these problems include too dry 
mixtures which are difficult to discharge, place and finish; too wet mixtures in which the 
paste drains and seals the pores.  These problems create a need for a mixture 
proportioning procedure that incorporates workability considerations.  Additionally, the 
lack of adequate tools for characterizing the workability of PCPC also creates the need to 
develop workability characterization techniques that can be easily adopted by the 
concrete producers.  
Accordingly, in this study, four significant developments were made in relation to 




1) Three new cement paste-characterizing techniques were developed to characterize the 
properties of PCPC paste. Two of the test methods are for evaluating the film-forming 
ability of cement pastes – ideal paste thickness (IPT) and actual paste thickness 
(APT). The third test method is for characterizing the film-drying time (FDT) of 
cement paste.  
2) The components of cement paste such as the amount of cement, water and admixtures 
were optimized using statistical design approach to achieve the desired paste 
flowability, film-forming ability and film-drying time.  In this approach, relationship 
between water-to-cement (w/c) ratio and superplasticizer dosage to achieve the 
desired properties of paste were established.  Also, a procedure to study the 
interaction between the admixtures and their influence on the paste properties was 
established. 
3) Two new pervious concrete workability characterizing devices were designed. The U-
slump device was developed for characterizing the flowability of PCPC mixtures, and 
the J-shear device was developed for characterizing the internal shear resistance and 
cohesion of PCPC mixtures, which are correlated with the spreadability the mixture.   
4) An integrated mixture-proportioning method was developed by including workability 
as parameter and optimizing the three components of PCPC (void, paste and 
aggregate) in appropriate proportions. Using simplex centroid design method, the 
feasible region was studied by varying the voids from 20 to 32.5%, the paste from 15 




aggregate using simplex centroid design. Integration of paste thickness as a mixture 
design parameter is one of the greatest contribution of this research.   
9.2 Conclusions  
Based on the efforts discussed above, the following principal conclusions were 
drawn: 
Cement paste optimization 
1. Paste-film forming ability is an important parameter for characterizing cement 
pastes for pervious concrete application. 
2. The ideal paste thickness (IPT) is a useful test for evaluating the film-forming 
ability of cement pastes and can be standardized using the plastic rod insertion 
test method developed in this study.   
3. The effect of aggregate size, shape, surface texture and moisture content on paste-
film thickness could be captured using the actual paste thickness (APT) test.  
4. Small size aggregates have high surface area. Therefore, they have a greater 
capacity to hold paste per unit mass of aggregate compared to aggregates of larger 
size.  
5. Typical required paste thickness (RPT) for pervious concrete applications range 





6. The effect of water-to-cement ratio, admixture type and dosage on pervious 
concrete paste could be evaluated using the test procedure (IPT and APT) 
developed in this study.  
7. Optimized statistical models and associated contour plots can be developed for 
determining, water-to-cement ratio and admixture dosage for pervious concrete 
application by conducting fewer experimental runs.  Once established, these 
statistical models and contour plots can be used to choose admixture doses and 
w/c ratio for required paste thickness.  
Pervious concrete workability characterizing devices  
Without proper workability characterizing tools, it is not possible to improve 
workability of pervious concrete.  Slump test, the most common workability test fails to 
provide meaningful information on workability of pervious concrete. Therefore, it was 
necessary to develop suitable characterizing devices for pervious concrete. Since 
workability by itself represent several properties, it is impossible to develop a single 
device that can characterize all the properties. Therefore, two workability-characterizing 
devices were developed in this study; these are the U-slump and the J-shear.  
 
1. U-slump: The U-slump device can be used to successfully evaluate the 
flowability and dischargeability of pervious concrete from the chute of a 
concrete truck.  This device measures the angle of inclination at which the 
pervious concrete flows on its own weight.  The lower the flow angle 




qualitatively by visual inspection. If the flow is uniform, flow angles up to 30 
degrees are considered appropriate. However, if the flow is intermittent or 
sudden the mix is considered unacceptable.  
2. J-shear: The J-shear device measures the internal shear resistance of 
pervious concrete to externally applied shear stress. The internal shear 
resistance can be used to qualitatively evaluate the workability properties of 
the mix and be used as a quality control device. Also, this device can be used 
to evaluate the spreadability of the pervious concrete.   Based on the concrete 
racking model developed in this study, the pulling force required to spread 50 
mm thick workable pervious concrete is around 45 – 60 kg.  
Integrated pervious concrete mixture proportioning 
The Integrated  mixture proportioning procedure enabled capturing the effect of 
voids, paste and aggregate on fresh and hardened pervious concrete. The inclusion of 
paste film-thickness in the design process provided adequate workability for the widely 
diversified mixes. These experiments were used to verify the paste optimization, and the 
workability devices developed in this work. The utilization of simplex centroid design 
technique provided an opportunity to evaluate a wide range of the three components. In 
general, the following conclusions can be drown  
1. Workability can be effectively designed by using the principles of paste film-
forming ability 
2. Regardless of the paste volume and aggregate surface area, PCPC mixtures 




workability. This show the success of the new mixture design method proposed 
in this work.   
3. Cement paste has a significant effect on both fresh and hardened properties. 
High-volume paste mixture gave high mechanical performance such as, high 
compressive strength, flexural strength, raveling resistance. 
4. The permeability of PCPC mixtures was highly dependent on its void content. 
5. Aggregate with void content as low as 30% could be used to make pervious 
concrete.  
6. Mixtures with a high-volume aggregate, particularly with sand provided 
smooth surface texture and satisfactory flowability. These type of mixtures will 
have great application in areas were smooth surface texture is required.    
7. By varying the volume of voids from 20 to 32.5%, the volume of paste 15 to 
27.5% and the volume of aggregates from 52.5 to 65% previous concrete 
mixtures with the following material range could be produced.  
a. Cement content 241 to 450 kg/m3 [406 to 758.5 lb/yd3] 
b. Water content 241 to 450 kg/m3 [406 to 758.5 lb/yd3] 
c. Aggregate content 1442 to 1764 kg/m3 [2431 to 2973 lb/yd3] 
d. Admixtures, superplasticizer (SP) 1.31 to 2.12 kg/m3 [2.21 to  3.6 
lb/yd
3
], viscosity modifying admixture (VMA) 0.19 to 0.54 
kg/m
3
 [0.32 to 0.91 lb/yd
3
], and retarder (RE) 0.22 to 0.42 kg/m
3
 
[0.37 to 0.71 lb/yd
3
] 




a. Unit weight 1750 to 2075 Kg/m3 [109 to 130 lb/ft3] 
b. U-slump flow angle 23 – 28 degree all mixes with uniform to semi 
uniform flowability.  
c. Coefficent of internal friction 1.8 – 2.8 
d. Force of adhesion 0.4 to 0.65 kPa 
e. Spreadability or Pulling force 45 to 65 Kg 
f. Porosity –W 17.8 to 34 %  , Porosity- S 19.9 to 35% 
g. Permeability 1406 – 10599 cm/hr. [540 – 4171 in/hr.] 
h. Compressive strength 5.4 – 18.6 MPa [788 – 2702 psi] 
i. Flexural Strength 1.2 - 3.27 MPa [174 – 474 psi] 
j. Raveling mass loss 28.8% and 63.6% 
9. The effect of mixing methods (two- stage mixing) and conventional mixing 
were compared.  If the admixture addition is carefully designed both 
conventional and two-stage mixing methods can be successfully used for 





9.3  Recommendations  
Recommendation for implementation ` 
The research products could be a valuable resource for companies in 
pervious concrete production business. I encourage these companies to use the 
new mixture proportioning procedure, the paste-characterizing method and the 
PCPC workability characterizing methods developed in this work.   
Recommendation for Future Research 
There following are the main areas that need future research.  
a. Development of automated paste film measuring device 
b. Improving the precision of the workability devices and establishing more 
correlation between shear strength of fresh concrete and workability. 
c. Development of a test method for characterizing paste-drain down.  
d. Testing the new integrated mixture proportioning method on different 










































   











Fig B1: Components of pervious concrete mixture. Abbreviated components are 
Supplementary cementitious materials (SCM), Viscosity Modifying Admixtures 
(VMA), Superplasticizer (SP), Hydration stabilizing or retarding admixtures (RE) 





PERVIOUS CONCRETE MIXTURE PROPORTIONING DATA 




Pseudo Components  
Original Components  
  





























M001 0.3333 0.3333 0.33333 0.242 0.192 0.567 
M002 1 0 0 0.325 0.150 0.525 
M003 0.5 0.5 0 0.263 0.213 0.525 
M004 0 1 0 0.200 0.275 0.525 
M005 0.5 0.5 0 0.263 0.213 0.525 
M006 0.3333 0.3333 0.33333 0.242 0.192 0.567 
M007 0 1 0 0.200 0.275 0.525 
M008 0 0 1 0.200 0.150 0.650 
M009 0 0 1 0.200 0.150 0.650 
M010 1 0 0 0.325 0.150 0.525 
M011 0.5 0 0.5 0.263 0.150 0.588 
M012 0 0.5 0.5 0.200 0.213 0.588 
M013 0.5 0 0.5 0.263 0.150 0.588 
M014 0 0.5 0.5 0.200 0.213 0.588 
Validation  
Points 
M015 0.6667 0.1667 0.1667 0.275 0.175 0.550 
M016 0.1667 0.6667 0.1667 0.225 0.225 0.550 
M017 0.3333 0.6667 0 0.225 0.175 0.600 
M018 0.6667 0.3333 0 0.250 0.188 0.563 
M019 0.6667 0.1667 0.1667 0.275 0.175 0.550 
M020 0.1667 0.6667 0.1667 0.225 0.225 0.550 
M021 0.3333 0.6667 0 0.225 0.175 0.600 
M022 0.6667 0.3333 0 0.250 0.188 0.563 





Table C2: Aggregate Quantities and required paste thickness (RPT) for a 
cubic meter of PCPC   
MIX 
ID 
Individual fraction of materials 
for cubic meter of concrete 
        



















M001 411.7 905.8 156.9 77.7 1552 1158 199 0.17 
M002 0.0 1442.5 0.0 0.0 1442 688 156 0.23 
M003 0.0 1442.5 0.0 0.0 1442 688 222 0.32 
M004 0.0 1442.5 0.0 0.0 1442 688 287 0.42 
M005 0.0 1442.5 0.0 0.0 1442 688 222 0.32 
M006 411.7 905.8 156.9 77.7 1552 1158 199 0.17 
M007 0.0 1442.5 0.0 0.0 1442 688 287 0.42 
M008 606.8 539.7 0.0 617.3 1764 4192 154 0.04 
M009 606.8 539.7 0.0 617.3 1764 4192 154 0.04 
M010 0.0 1442.5 0.0 0.0 1442 688 156 0.23 
M011 499.0 794.2 150.8 160.4 1604 1627 155 0.10 
M012 499.0 794.2 150.8 160.4 1604 1627 220 0.13 
M013 499.0 794.2 150.8 160.4 1604 1627 155 0.10 
M014 499.0 794.2 150.8 160.4 1604 1627 220 0.13 
M015 478.3 871.2 150.0 0.0 1500 673 182 0.27 
M016 478.3 871.2 150.0 0.0 1500 673 234 0.35 
M017 364.9 725.6 135.6 216.4 1442 1892 181 0.10 
M018 476.0 773.2 150.0 43.3 1442 892 194 0.22 
M019 478.3 871.2 150.0 0.0 1500 673 182 0.27 
M020 478.3 871.2 150.0 0.0 1500 673 234 0.35 
M021 364.9 725.6 135.6 216.4 1442 1892 181 0.10 










Admixture Dose  
Mixture proportions for cubic meter of 
PCPC 
SP VMA HAS Cement SP VMA HAS water 
M001 0.170 0.1636 0.006 0.03 312 1.92 0.33 0.29 98 
M002 0.230 0.1416 0.005 0.03 245 1.31 0.19 0.23 77 
M003 0.31 0.123 0.007 0.03 348 1.61 0.42 0.32 109 
M004 0.400 0.1084 0.008 0.03 450 1.84 0.60 0.42 142 
M005 0.31 0.123 0.007 0.03 348 1.61 0.42 0.32 109 
M006 0.170 0.1636 0.006 0.03 312 1.92 0.33 0.29 98 
M007 0.400 0.1084 0.007 0.03 450 1.84 0.54 0.42 142 
M008 0.03 0.191 0.007 0.03 241 1.74 0.28 0.22 76 
M009 0.03 0.191 0.007 0.03 241 1.74 0.28 0.22 76 
M010 0.230 0.1416 0.005 0.03 245 1.31 0.19 0.23 77 
M011 0.09 0.1743 0.006 0.03 243 1.60 0.24 0.22 76 
M012 0.13 0.163 0.006 0.03 344 2.12 0.35 0.32 108 
M013 0.09 0.1743 0.006 0.03 243 1.60 0.24 0.22 76 
M014 0.13 0.163 0.006 0.03 344 2.12 0.35 0.32 108 
M015 0.27 0.1301 0.006 0.03 285 1.40 0.29 0.26 90 
M016 0.35 0.1192 0.007 0.03 367 1.65 0.42 0.34 116 
M017 0.10 0.1914 0.005 0.03 283 2.05 0.22 0.26 89 
M018 0.22 0.1475 0.005 0.03 305 1.70 0.27 0.28 96 
M019 0.27 0.1301 0.006 0.03 285 1.40 0.29 0.26 90 
M020 0.35 0.1192 0.007 0.03 367 1.65 0.42 0.34 116 
M021 0.10 0.1914 0.005 0.03 283 2.05 0.22 0.26 89 













Material for Reduced 





Batch Size Material  










M001 11 4.8 10.5 1.8 0.9 2.185 4.54 1.54 2.50 2.30 
M002 11 0.0 16.7 0.0 0.0 1.721 3.57 1.38 2.24 2.07 
M003 11 0.0 16.7 0.0 0.0 2.438 5.06 1.49 2.41 2.22 
M004 11 0.0 16.7 0.0 0.0 3.155 6.55 1.59 2.58 2.38 
M005 11 0.0 16.7 0.0 0.0 2.438 5.06 1.49 2.41 2.22 
M006 11 4.8 10.5 1.8 0.9 2.185 4.54 1.54 2.50 2.30 
M007 11 0.0 16.7 0.0 0.0 3.155 6.55 1.59 2.58 2.38 
M008 11 7.0 6.2 0.0 7.1 1.692 3.51 1.64 2.67 2.46 
M009 11 7.0 6.2 0.0 7.1 1.692 3.51 1.64 2.67 2.46 
M010 11 0.0 16.7 0.0 0.0 1.721 3.57 1.38 2.24 2.06 
M011 11 5.8 9.2 1.7 1.9 1.705 3.54 1.52 2.46 2.26 
M012 11 5.8 9.2 1.7 1.9 2.416 5.02 1.62 2.63 2.42 
M013 11 5.8 9.2 1.7 1.9 1.705 3.54 1.52 2.46 2.26 
M014 11 5.8 9.2 1.7 1.9 2.416 5.02 1.62 2.63 2.42 
M015 11 5.5 10.1 1.7 0.0 2.000 4.15 1.48 2.40 2.21 
M016 11 5.5 10.1 1.7 0.0 2.571 5.34 1.56 2.53 2.33 
M017 11 4.2 8.4 1.6 2.5 1.986 4.13 1.58 2.57 2.37 
M018 11 5.5 8.9 1.7 0.5 2.139 4.44 1.52 2.47 2.28 
M019 11 5.5 10.1 1.7 0.0 2.000 4.15 1.48 2.40 2.21 
M020 11 5.5 10.1 1.7 0.0 2.571 5.34 1.56 2.53 2.33 
M021 11 4.2 8.4 1.6 2.5 1.986 4.13 1.58 2.57 2.37 
M022 11 5.5 8.9 1.7 0.5 2.139 4.44 1.52 2.47 2.28 







Table C5: Properties of the cement pastes used for make the PCPC mixes 
in two stage mixing process.    
Mix ID 
 
IPT, mm APT, mm 
Mini 
slump 






M001 130 0.17 0.117 0.009 7.9 0.134 0.01 4.2 
M002 120 0.23 0.155 0.013 8.3 0.181 0.00 0.8 
M003 110 0.32 0.239 0.066 27.4 0.201 0.00 0.0 
M004 102 0.42 0.274 0.076 27.7 0.196 0.00 0.0 
M005 112 0.32 0.187 0.006 3.4 0.221 0.02 10.3 
M006 120 0.17 0.141 0.008 6.0 0.145 0.00 1.4 
M007 110 0.42 0.232 0.016 6.8 0.219 0.02 9.1 
M008 120 0.04 0.162 0.02 11.5 0.087 0.01 6.9 
M009 160 0.04 0.071 0.01 11.8 0.069 0.01 8.8 
M010 120 0.23 0.111 0.03 23.5 0.156 0.01 4.6 
M011 112 0.10 0.146 0.01 4.1 0.138 0.01 4.4 
M012 108 0.13 0.232 0.02 8.3 0.178 0.03 14.1 
M013 111 0.10 0.146 0.01 4.3 0.153 0.01 3.6 
M014 110 0.13 0.161 0.01 9.1 0.131 0.01 4.2 
M015 118 0.27 0.136 0.00 0.7 0.155 0.00 2.6 
M016 119 0.35 0.142 0.01 3.7 0.175 0.02 10.5 
M017 153 0.10 0.081 0.01 8.5 0.106 0.00 2.4 






Table C6:  Unit Weight (ASTM 1688) Test Result 
MIX ID 
ASTM 1688 




content (%)  
Paste vol content 
(%)  
AVG. STDV.  AVG AVG. STDV.  AVG. STDV.  
M001 1859.0 0.8 25.4 55.7 0.2 18.8 0.1 
M002 1750.3 2.6 30.2 54.2 0.5 15.5 0.1 
M003 1872.3 0.5 24.2 53.9 0.1 21.8 0.0 
M004 1970.0 2.5 19.3 52.9 0.5 27.7 0.2 
M005 1917.8 1.9 22.4 55.2 0.4 22.3 0.1 
M006 1856.0 1.4 25.5 55.6 0.3 18.8 0.1 
M007 2027.8 0.5 16.9 54.5 0.1 28.5 0.1 
M008 2025.3 0.6 19.8 64.6 0.8 14.8 0.2 
M009 2075.1 0.8 17.9 66.2 0.9 15.2 0.2 
M010 1797.4 2.0 28.3 55.3 1.0 15.8 0.3 
M011 1854.4 2.2 26.4 58.2 0.1 14.8 0.0 
M012 1978.0 1.3 20.4 58.0 0.3 20.9 0.1 
M013 1884.7 0.3 25.2 59.1 0.5 15.1 0.1 
M014 1951.4 0.3 21.4 57.2 0.6 20.6 0.2 
M015 1846.0 0.7 26.1 55.6 0.4 17.7 0.1 
M016 1948.3 1.8 21.1 55.4 0.2 22.8 0.1 
M017 2042.6 0.3 18.1 61.1 0.7 20.1 0.2 
M018 1951.5 0.4 21.5 57.4 0.5 20.4 0.2 
M019 1832.4 0.5 26.6 55.1 0.7 17.6 0.2 
M020 1934.1 0.7 21.7 55.0 0.4 22.6 0.2 
M021 1976.4 1.1 20.7 59.1 0.4 19.5 0.1 





































Index   
Failure 
Mode  
M001 24.5 SU 0.325 9.5 0.990 16.0 1.398 20.0 2.5 
M002 25.0 SU 0.395 12.5 0.904 16.5 1.462 23.0 3.5 
M003 30.0 SU 0.352 10.0 0.931 19.0 1.367 23.0 2.0 
M004 29.0 SUS 0.254 14.0 0.811 19.5 1.357 24.0 3.5 
M005 30.0 SSU 0.374 11.0 0.910 19.8 1.387 23.5 1.0 
M006 26.0 SU 0.411 9.7 0.895 13.8 1.418 20.8 0.5 
M007 31.0 SUS 0.297 9.0 0.904 22.0 1.330 31.0 3.5 
M008 23.0 SU 0.320 12.0 0.851 17.7 1.340 20.6 0.0 
M009 25.5 SSU 0.315 9.0 0.800 14.4 1.323 18.0 0.0 
M010 25.5 SU 0.414 12.0 0.944 16.0 1.428 23.5 0.5 
M011 24.0 SU 0.331 13.5 0.844 21.8 1.383 27.4 0.5 
M012 27.5 SU 0.281 7.5 0.840 12.1 1.328 18.8 3.0 
M013 23.0 SU 0.372 9.4 0.855 15.4 1.385 21.3 0.5 
M014 24.0 SU 0.287 10.0 0.849 13.0 1.339 20.8 2.5 
M015 28.5 SU 0.417 13.0 0.929 21.0 1.434 30.0 1.0 
M016 27.0 SU 0.325 12.0 0.899 17.7 1.385 28.0 3.5 
M017 27.0 SU 0.273 5.0 0.803 13.0 1.269 18.5 2.0 
M018 25.0 SU 0.312 9.0 0.887 16.9 1.366 22.0 1.0 
M019 25.0 SU 0.397 10.5 0.963 16.5 1.453 28.0 1.5 
M020 26.0 SU 0.397 12.8 0.908 16.5 1.415 28.0 2.0 
M021 25 SU 0.3327 7.5 0.857 13.5 1.343 20 1.5 
M022 27.0 SU 0.389 7.0 0.865 15.0 1.381 19.0 1.5 
SU – Smooth and uniform,  SSU-smooth but semi uniform, SUS- smooth  Uniform 








   





























M001 1438 1.058 1.760 0.600 2.461 43.505 
M002 1419 1.044 1.830 0.790 2.700 47.721 
M003 1463 1.076 2.340 0.500 3.019 53.351 
M004 1554 1.144 1.750 1.210 3.211 56.757 
M005 1455 1.070 2.290 0.620 3.071 54.273 
M006 1434 1.055 2.004 0.372 2.485 43.930 
M007 1511 1.112 3.910 0.030 4.376 77.345 
M008 1519 1.117 1.590 0.980 2.757 48.721 
M009 1548 1.139 1.580 0.650 2.449 43.293 
M010 1409 1.036 1.760 0.600 2.424 42.844 
M011 1500 1.103 2.000 0.370 2.577 45.546 
M012 1544 1.136 1.860 0.350 2.463 43.525 
M013 1478 1.088 1.760 0.600 2.514 44.435 
M014 1533 1.128 2.000 0.370 2.626 46.421 
M015 1411 1.038 3.220 0.350 3.694 65.281 
M016 1480 1.089 2.750 0.510 3.504 61.924 
M017 1585 1.166 2.280 0.060 2.719 48.063 
M018 1497 1.101 1.760 0.600 2.538 44.864 
M019 1398 1.028 2.000 0.370 2.427 42.892 
M020 1435 1.056 1.860 0.350 2.314 40.902 
M021 1510 1.111 2.150 0.230 2.619 46.281 




Table C9: Porosity of PCPC samples proportioned for specific 
volumetric ratio of voids paste and aggregate. (Method W) 
  Mass of Water(g)  Voids 
Mix 
ID 
S1 S2 S3 S1 S2 S3 AVG. STDV. 
COV. 
% 
M001 342.2 334.1 319.8 27.9 27.3 26.1 27.1 0.93 3.5 
M002 432.4 421.7 415.4 35.3 34.4 33.9 34.5 0.70 2.1 
M003 341.9 311.4 338.4 27.9 25.4 27.6 27.0 1.36 4.9 
M004 203.5 209.3 242.9 16.6 17.1 19.8 17.8 1.74 8.8 
M005 346.2 322.9 336.4 28.3 26.4 27.5 27.4 0.96 3.5 
M006 276.7 297.6 302 22.6 24.3 24.7 23.84 1.10 4.5 
M007 226.7 222.8 229.1 18.5 18.2 18.7 18.47 0.26 1.4 
M008 227.3 238.8 225.9 18.6 19.5 18.4 18.83 0.58 3.1 
M009 235.3 231.8 210.5 19.2 18.9 17.2 18.44 1.10 6.4 
M010 397.6 391.4 392 32.5 32.0 32.0 32.14 0.28 0.9 
M011 317.4 321 314.5 25.9 26.2 25.7 25.93 0.27 1.0 
M012 258.7 250.5 255.5 21.1 20.4 20.9 20.81 0.34 1.6 
M013 315.5 335.4 337.1 25.8 27.4 27.5 26.88 0.98 3.6 
M014 264.3 250.3 252 21.6 20.4 20.6 20.86 0.62 3.0 
M015 303.7 323.7 323.9 24.8 26.4 26.4 25.89 0.95 3.6 
M016 272 285.7 273 22.2 23.3 22.3 22.60 0.62 2.8 
M017 276.5 272.2 261.2 22.6 22.2 21.3 22.04 0.64 3.0 
M018 331.7 319.5 308.7 27.1 26.1 25.2 26.12 0.94 3.7 
M019 368.1 373.2 358 30.0 30.5 29.2 29.91 0.63 2.2 
M020 286.7 274.7 287.1 23.4 22.4 23.4 23.09 0.58 2.5 
M021 265.2 246.4 269.1 21.6 20.1 22.0 21.24 0.99 4.5 







Table C10: Porosity of PCPC samples proportioned 
for specific volumetric ratios voids paste and aggregate. 
(Method S) 
S1 S2 S3 AVG. STDV. COV. % 
27.01 26.97 25.72 26.6 0.7 2.8 
34.89 34.10 35.54 34.8 0.7 2.1 
27.46 27.63 31.86 29.0 2.5 8.6 
19.74 19.25 20.84 19.9 0.8 4.1 
28.79 28.57 28.02 28.5 0.4 1.4 
25.33 26.12 26.59 26.0 0.6 2.4 
20.27 20.77 21.92 21.0 0.8 4.0 
19.89 20.35 19.88 20.0 0.3 1.3 
20.94 20.68 19.91 20.5 0.5 2.6 
35.12 35.12 34.98 35.1 0.1 0.2 
28.57 28.40 28.49 28.5 0.1 0.3 
21.63 21.30 22.33 21.8 0.5 2.4 
28.47 28.37 28.24 28.4 0.1 0.4 
22.14 21.92 21.97 22.0 0.1 0.5 
29.70 30.20 30.24 30.0 0.3 1.0 
24.94 24.78 24.65 24.8 0.1 0.6 
24.41 24.16 22.48 23.7 1.1 4.4 
27.78 27.43 27.45 27.6 0.2 0.7 
30.63 30.80 30.77 30.7 0.1 0.3 
25.27 24.98 25.00 25.1 0.2 0.7 
23.20 22.72 23.61 23.2 0.4 1.9 






Table C11: Permeability of PCPC samples proportioned for specific volumetric 
























M001 6902 2716 6874 2705 6817 2682 6864 2701 43 0.6 
M002 10679 4202 9754 3838 11363 4472 10599 4171 807 7.6 
M003 6880 2707 5865 2308 5749 2263 6165 2426 621 10.1 
M004 2509 987 1625 640 1912 752 2016 793 451 22.4 
M005 6621 2595 5736 2257 5632 2277 5996 2376 543 9.1 
M006 4162 1641 4654 1831 4891 1915 4569 1796 371 8.1 
M007 2658 1049 2635 1037 2787 1140 2693 1075 82 3.0 
M008 1541 610 1488 586 1189 424 1406 540 189 13.5 
M009 1568 617 1617 636 1353 492 1513 582 140 9.3 
M010 9470 3729 9234 3634 9284 3731 9329 3698 124 1.3 
M011 6256 2461 6115 2406 5677 2170 6016 2346 301 5.0 
M012 4077 1604 3618 1424 3777 1486 3824 1505 232 6.1 
M013 5897 2321 6863 2701 6432 2531 6397 2518 483 7.6 
M014 4028 1585 3600 1417 3474 1367 3701 1456 290 7.9 
M015 5445 2143 6986 2749 6638 2612 6356 2501 808 12.7 
M016 3718 1463 3722 1465 4102 1614 3847 1514 220 5.7 
M017 4114 1619 3898 1534 3608 1420 3873 1524 253 6.6 
M018 5580 2196 4836 1903 4791 1885 5069 1995 443 8.7 
M019 7807 3072 8727 3434 7462 2936 7998 3148 653 8.2 
M020 4310 1696 4232 1665 4222 1662 4255 1674 485 1.1 
M021 3268 1286 4388 1727 3793 1493 3816 1502 560 14.7 






Table C12: Compressive strength of PCPC samples proportioned for 
specific volumetric ratios voids paste and aggregate 
Mix 
ID 











M001 1639 2165 1726 1770 270.7 12.2 1.9 15 
M002 726 947 788 788 109.4 5.4 0.8 14 
M003 1620 1903 1362 1563 259.8 10.8 1.8 17 
M004 2595   2976 2674 258.6 18.4 1.8 10 
M005 1493 1480 1372 1390 63.8 9.6 0.4 5 
M006 2009 1852 1902 1844 77.0 12.7 0.5 4 
M007 2508 2599 3338 2702 437.0 18.6 3.0 16 
M008 1074 993 1433 1120 224.8 7.7 1.6 20 
M009 1225 1797 1734 1522 301.1 10.5 2.1 20 
M010 742 1004 944 861 131.8 5.9 0.9 15 
M011 1389 1424 1591 1409 103.6 9.7 0.7 7 
M012 2233 2318 2319 2198 47.4 15.2 0.3 2 
M013 1497 1300 1458 1362 100.1 9.4 0.7 7 
M014 2387 2630 2468 2395 118.8 16.5 0.8 5 
M015 1696 1332 1620 1487 184.3 10.3 1.3 12 
M016 2090 1759 2244 1950 237.9 13.4 1.6 12 
M017 2136 1914 1885 1899 131.8 13.1 0.9 7 
M018 1473 1467 1651 1469 100.4 10.1 0.7 7 
M019 1094 1207 1384 1179 140.3 8.1 1.0 12 
M020 1767 2456 2126 2032 330.8 14.0 2.3 16 
M021 3086 2455 2750 2653 303.1 18.3 2.1 11 





Table C13: Raveling loss of 
PCPC samples proportioned for specific 









M001 4590.5 2859.9 37.7 
M002 4144.3 1634.7 60.6 
M003 4441.8 2668.9 39.9 
M004 4758.3 3342 29.8 
M005 4466.6 2639.8 40.9 
M006 4632.9 2747.2 40.7 
M007 4774.4 3401.2 28.8 
M008 4917.1 1790.1 63.6 
M009 4959.6 2253.5 54.6 
M010 4141.2 1548.7 62.6 
M011 4531.2 1919 57.6 
M012 4856 3222.4 33.6 
M013 4537.1 2454.2 45.9 
M014 4851.3 3273.1 32.5 
M015 4471.4 2625.7 41.3 
M016 4673.7 3064 34.4 
M017 4741.9 3162.2 33.3 
M018 4570.2 2870 37.2 
M019 4420.1 2171.5 50.9 
M020 4703.4 3026.8 35.6 
M021 4747.7 3254.8 31.4 







Table C14: Flexural strength of PCPC samples proportioned for 

















M001 3.60   2.94 3.27 0.47 474.3 67.7 14 
M002 1.41   1.19 1.30 0.16 188.6 22.6 12 
M003 1.91   2.58 2.25 0.47 325.6 68.7 21 
M004 2.86   3.46 3.16 0.42 458.3 61.5 13 
M005 1.82   1.56 1.69 0.18 245.2 26.8 11 
M006 2.16     2.16   312.6 0.0 0 
M007 2.88   3.44 3.16 0.40 458.0 57.8 13 
M008 2.50   2.13 2.31 0.26 335.6 37.7 11 
M009 2.85 1.97 2.13 2.32 0.47 336.0 68.0 20 
M010 1.37 1.08 1.15 1.20 0.15 173.9 22.0 13 
M011 1.68 2.28 2.67 2.21 0.50 320.7 72.9 23 
M012 2.89 2.50 3.37 2.92 0.44 423.5 63.2 15 
M013 2.65 1.99 2.49 2.37 0.34 344.2 49.6 14 
M014 2.48 3.43 2.55 2.8 0.53 409.0 76.8 19 
M015 2.11 1.97 1.88 2.0 0.12 287.8 17.4 6 
M016 2.73 3.08 2.42 2.7 0.33 397.9 47.9 12 
M017 2.52 2.69 2.21 2.5 0.24 358.7 35.3 10 
M018 2.44 2.28 2.352 2.4 0.08 341.5 11.6 3 
M019 1.96 1.71 2.32 2.0 0.31 289.6 44.5 15 
M020 2.28 3.47 3.06 2.9 0.60 426.0 87.7 21 
M021 3.09 2.59   2.8 0.35 411.9 51.3 12 







Fig  C1. Steps of the improved mixture proportioning procedure 
 
 




Fig.C2. Bivariate fit of porosity by predicted porosity % for PCPC samples produced according to mixing 
method A and B. 
 
 





Fig.C3. Bivariate fit of compressive strength by predicted compressive strength (MPa) for PCPC 
samples produced according to mixing method A and B 
 
